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ABSTRACT 
 
The presence of an anteroposterior body axis is a fundamental feature of 
bilateria. Within this group, echinoderms have secondary evolved pentameral 
symmetrical body plans. Even though all echinoderms present bilaterally 
symmetric larval stages, they dramatically rearrange their body axis and 
develop a pentaradial body plan during metamorphosis. Therefore, the location 
of their anteroposterior body axis in adult forms remains a contentious issue. 
Unlike other echinoderms, sea cucumbers present an obvious anteroposterior 
axis which is not rearranged during metamorphosis, thus representing an 
interesting group to study their anteroposterior axis patterning. Hox genes are 
known to play a broadly conserved role in anteroposterior axis patterning in 
deuterostomes. In order to examine the relationship between Hox genes 
expression and anteroposterior axis patterning in sea cucumber Apostichopus 
japonicus, I analyzed expression patterns of Hox genes from early development 
to adult stages in sea cucumber. In early larval stages, five Hox genes (AjHox1, 
AjHox7, AjHox8, AjHox11/13a, and AjHox11/13b) were expressed sequentially 
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along the archenteron. Sequential expression of Hox7, Hox8, Hox11/13a and 
Hox11/13b in the somatocoel along the digestive tract in sea urchin 
(Strongylocentrotus purpuratus) has been reported. Thus, it is suggested that 
the role of the Hox genes in patterning the digestive tract is conserved in 
bilateral larvae of echinoderms. After metamorphosis, eight Hox genes (AjHox1, 
AjHox5, AjHox7, AjHox8, AjHox9/10, AjHox11/13a, AjHox11/13b, and 
AjHox11/13c) were expressed sequentially along the digestive tract, following a 
similar expression pattern to that found in the visceral mesoderm of other 
bilateria. The sequential expression of Hox genes along the digestive tract has 
not been described in indirect developing sea urchins. In direct developing sand 
dollar Peronella japonica, the sequential expression of Hox genes along 
anteroposterior axis is known to be downregulated after metamorphosis. I 
suggest that the continuous sequential expression of Hox genes along the 
digestive tract after metamorphosis establish the patterning of the digestive 
tract along the mouth/anus axis observed in adult sea cucumber. Unlike other 
echinoderms, pentameral expression patterns of AjHox genes were not observed 
in any developmental stage of the sea cucumber, suggesting that Hox genes are 
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not involved in initial formation of pentameral axis in echinoderm; instead they 
are co-opted to the specification of individual pentameral structure like in other 
echinoderms. Altogether, I concluded that AjHox genes are involved in the 
patterning of the digestive tract in both larvae and adult sea cucumbers. In 
addition, the lack of the pentameral expression of Hox genes may relate to the 
fact that sea cucumbers do not show strict pentaradial body plan. 
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GENERAL INTRODUCTION 
 
Bilateria present evident anterior/posterior (AP), dorsal/ventral (DV) and 
left/right (LR) axes, which are in fact characteristic features of bilateria. Within 
this group, echinoderms secondarily evolved pentameral symmetric body plans. 
Molecular phylogeny data have confirmed that echinoderms are a sister group 
of hemichordates within deuterostomes, and chordates are a sister group of 
hemichordates and echinoderms (Wada and Satoh 1994; Bromhan and Degnan 
1999; Cameron et al., 2000). While echinoderms present pentameral symmetry, 
chordates, hemichordates and all protostomes are bilateral except for 
lophophorates which exhibit radial symmetry. Consequently, the pentameral 
symmetry presented by echinoderms must have evolved after the bilateral body 
plan of hemichordates (Fig. 1). However, even though echinoderms are 
members of the bilateria, the location of their anterior/posterior axis in the 
adult forms remains unclear. 
Echinoderms present bilateral symmetry in their general organization 
during embryonic and larval stages; however, most species in this group 
rearrange their body plan during metamorphosis. In addition, the angle 
between the oral/aboral axis in adults and the apical/blastoporal axis varies 
from approximately 90° to 180° (Peterson et al., 2000), so that the larval axis 
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designation is not applicable to the adult (Fig. 2). Moreover, the lack of 
cephalization, including the absence of obvious brain structures or the 
concentrated nervous system, also make it difficult to understand 
anterior/posterior axis homology in in the adult forms of echinoderms. 
Unlike other echinoderms, sea cucumbers exhibit an externally apparent 
anteroposterior axis even in the adult form. They present an oral end at the 
anterior-most region and an anus at the posteriormost region of the adult long 
axis. Moreover, sea cucumbers do not remodel their anteroposterior body axis 
during metamorphosis and consequently the apical/blastoporal axis of the 
embryo is equivalent to the external anteroposterior axis of the adult (Peterson 
et al., 2000). Therefore, sea cucumbers represent an interesting group to study 
how they evolved adult anteroposterior axis in the echinoderm clade. To address 
this question, I focus on the expression of Hox genes because they have broadly 
conserved role in the anteroposterior axial patterning in bilateria and there are 
numbers of literatures of the expression analysis in other echinoderms (sea 
urchin and sea lily). 
I isolated Hox genes from the sea cucumber Apostichopus japonicus and 
examined temporal and spatial expression patterns of Hox genes during 
embryonic development and discuss these results in the context of the evolution 
of anteroposterior axis in sea cucumbers. 
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INTRODUCTION 
 
Sea cucumbers exhibit an externally apparent anteroposterior axis even in 
the adult form whereas other echinoderms show a strict pentaradial body plan. 
Analyzing the expression pattern of the genes which play roles in patterning the 
body structure would shed light on the body patterning of sea cucumber and its 
evolution.  
Development of A. japonicus was described previously (Yoshida et al., 
2001), however, development, especially in later stages, had not been described 
in detail so far, because after metamorphosis the larvae become more 
pigmented and the internal structures of the larva become complex. The adult 
body structure of A. japonicus is rapidly formed after metamorphosis (doliolaria 
and pentactula stages), and to understand how the body plan is established, it is 
important to reveal the detailed anatomy of these stages.  
The Hox genes are known to be broadly conserved in deuterostomes 
(Krumlauf 1994; Holland and Garcia-Fernandez 1996; Wada et al., 1999; Ikuta 
and Saiga 2005) and protostomes (Lewis 1978) and play an important role in 
defining anterior/posterior axial patterning during development 
(Garcia-Fernandez 2005). The genes are generally expressed, spatially and 
temporally, coincident with their order in a cluster (colinearly), thus specifying 
the different segments along the anterior/posterior axis (McGinnis and 
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Krumlauf 1992). In echinoderms, previous studies on the molecular structure 
and the expression patterns of Hox genes have mainly focused on sea urchins 
(Popodi et al., 1996; Arenas-Mena et al., 1998; Hano et al., 2001; Morris and 
Byrne 2005, 2014; Wilson et al., 2005; Cameron et al., 2006). Spatial sequential 
expression of Hox genes have been reported from two sea urchins, 
Strongylocentrotus purpuratus (Arenas-Mena et al., 2000) and Peronella 
japonica (Tsuchimoto and Yamaguchi 2014), based on gene expression in the 
somatocoel of the pluteus larva. In addition to sea urchins, spatial sequential 
expression patterns of Hox genes have been also described in the somatocoel of 
the auricularia larva of the sea lily Metacrinus rotundus (Hara et al., 2006) (Fig. 
3). However, spatial sequential expression of Hox genes in echinoderms has 
only been described from larval somatocoel. To date, there are no published 
studies systematically analyzing Hox gene expression in adult echinoderms. 
In this study, to understand the internal structure of larvae after 
metamorphosis, I sectioned the specimens of doliolaria and pentactula stages. 
Next, I isolated homologs of Hox genes from the sea cucumber A. japonicus 
which are designated as AjHox and examined temporal and spatial expression 
patterns of AjHox genes during embryonic and larval development. 
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MATERIALS AND METHODS 
 
Animal specimens 
 
Adult Japanese common sea cucumbers, Apostichopus japonicus, were 
collected while scuba diving at a depth of approximately 5 m, from a subtidal 
sandy benthic environment near Misaki Marine Biological Station, The 
University of Tokyo (MMBS) in Kanagawa Prefecture during the breeding 
season (from March to May). The collected animals were maintained in a 
temperature-controlled aquarium with circulating sea water until further use. I 
induced ovulation and spawning in A. japonicus using cubifrin, a peptide known 
to induce oocyte maturation, ovulation and spawning in this species (Kato et al., 
2009). Mature eggs were subsequently collected from females specifically 
selected for their average oocyte size after gonad observation. Females bearing 
nearly fully grown oocytes (150 µm in diameter) were injected with cubifrin to 
10 µM, which is 0.1% of the total body weight (v/w) (Kato et al., 2009). The 
injected animals spawned mature eggs within an hour and these eggs were 
subsequently fertilized with sperm obtained by dissecting male testis. Embryos 
and larvae were cultured at 20°C in filtered sea water containing 75 mg/l of 
penicillin and streptomycin. The larvae were then cultured in plastic beakers 
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and fed with the alga Chaetoceros calcitrans (Sun Culture; Marinetech, Tahara, 
Japan). 
 
Sectioning the specimens in doliolaria and pentactula stages 
 
The larvae in doliolaria and pentactula stages were fixed with 4% 
paraformaldehyde in 0.5 M NaCl, 0.1 M 3-(N-morpholino) propanesulfonic acid 
(MOPS) pH 7.0 overnight on ice. Fixed specimens were embedded in Technovit 
8100 or Technovit 7100 (Heraeus Kulzer, Hanau, Germany) and sliced into 5 
µm sections. The sections were stained with hematoxylin and eosin, and 
observed under an Olympus BX50 microscope. 
 
Cloning Hox genes from A. japonicus 
 
In order to isolate the homeobox regions of Hox-cluster genes of A. 
japonicus (AjHox), I amplified by PCR using pairs of degenerate primers 
matching conserved regions of the homeoboxes of Hox-cluster genes. Template 
cDNAs were synthesized from RNAs obtained from gastrula, doliolaria and 
pentactula larvae using SuperScript III Reverse Transcriptase kit (Invitrogen) 
and random hexamers as primers. I used three different sets of primers with 
the following nucleotide sequences: Set 1: F1 5'-CAR YTN CAN GAR YTN GAR 
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AA-3' and R1 5'-TTC ATN CKN CKR TTY TGR AA-3'. Set 2: F2 5'-YTN GAR 
YTN GAR AAR GAR TT-3' and R2 5'-CKR TTYTGR AAC CAD ATY TT-3' (Hara 
et al., 2006). Set 3: F3 5'-AAA GGA TCC TGC AGA RYT IGARAA RGA RTT-3' 
and R3 5'-ACA AGC TTG AAT TCA TIC KIC KRT TYT GRA ACC A-3' as 
previously described (Mendez et al., 2000). PCR products of the predicted size 
(76 bp for Set 1 and Set 2 and 82 bp for Set 3) were inserted into the EcoRV site 
of the pBluescript II SK (?) vector (Stratagene, CA) and sequenced. Obtained 
sequences were subjected to Basic Local Alignment Search Tool (BLAST) and 
candidates for Hox genes sequence of A. japonicus were selected. To isolate the 
5'- and 3'- regions of these sequences, I performed 5' and 3' rapid amplification 
of cDNA ends (RACE) reactions using the GeneRacer kit (Invitrogen, Carlsbad, 
CA) and the total RNA isolated from gastrula stage embryos and doliolaria and 
pentactula larvae. 
 
 
Phylogenetic analysis 
 
To determine the orthologous group for each AjHox gene, I aligned the 
deduced amino acid sequences of the homeodomain against homologous 
sequences from other species. A phylogenetic tree was constructed by 
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neighbor-joining (NJ) method using CLC Sequence Viewer (CLC bio/Qiagen, 
Hilden, Germany). 
 
Reverse-transcription-PCR (RT-PCR) 
 
To clarify when AjHox genes are expressed, I performed RT-PCR. Total 
RNA was extracted from embryos and larvae at different developmental stages 
of A. japonicus, ranging from blastula to pentactula larvae using TRIZOL 
reagent (Invitrogen). Residual DNA was digested using DNaseI (Qiagen, 
Deusseldorf, Germany). The RNA was purified using RNeasy MinElute 
Cleanup Kit (Qiagen) and cDNAs were synthesized with random hexamers 
using 1 µg of the total purified RNA as a template, according to the instruction 
manual of the SuperScript III Reverse Transcriptase kit. 
To avoid cross-reactions within RT-PCR, the primers were designed based 
on sequences outside the homeobox region of each Hox gene (Fig. 6). I amplified 
18S ribosomal RNA of A. japonicus as internal control. RT-PCR using each 
primer set produced fragments of 100–144 bp in length. Reliability of the 
RT-PCR was validated by PCR with a positive template (cDNA synthesized 
from mixed RNAs isolated from different developmental stages, ranging from 
unfertilized eggs to pentactula larvae) and a negative template (consisting of 
mock cDNA synthesis from mixed RNAs). RT-PCR amplification was performed 
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using Go Taq Green Master Mix (Promega, Madison, WI) under the following 
conditions: Hox genes, 95°C for 2 min, 35 cycles at 95°C for 15 s, 60°C for 1 min. 
18S ribosomal RNA gene, 95°C for 2 min, 20 cycles at 95°C for 15 s, 60°C for 1 
min. After the amplification, PCR products were analyzed by electrophoresis 
using NuSieve GTG Agarose (Lonza, Basel, Switzerland). 
 
Whole-mount in situ hybridization (WISH) 
 
Embryos and larvae were fixed with 4% paraformaldehyde in 0.5 M NaCl, 
0.1 M MOPS pH 7.0 overnight on ice. Fixed specimens were partially 
dehydrated in 50% ethanol at room temperature for 20 minutes and 70% 
ethanol at room temperature for 20 minutes twice and stored in 70% ethanol at 
?20°C until further use. Digoxygenein (DIG) labeled riboprobes were prepared 
using plasmids containing 5'-RACE sequence from each AjHox gene without the 
homeobox region as template (Fig. 6). According to DIG application manual for 
in situ hybridization (Roche, Mannheim, Germany), the synthesized probes 
were reduced to approximately 500 nucleotides by alkaline hydrolysis. 
After washing the specimens with PBST (phosphate-buffered saline 
containing 0.1% Tween 20) four times, they were partially digested using 2 
µg/ml proteinase K (Sigma-Aldrich, St. Louis, Mo) in PBST at 37°C for 5–40 
minutes, depending on the stage and the fixation conditions of the specimens: 
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blastula, room temperature for 1 minute; gastrula to early auricularia stages, 
37°C for 5 minutes; mid auricularia and late auricularia stages, 37°C for 10 
minutes; doliolaria stage, 37°C for 20 minutes; pentactula stage, 37°C for 40 
minutes. Post-fixation was performed using 4% paraformaldehyde in PBST 
followed by four washes in PBST. Pre-hybridization, hybridization and washing 
processes were all conducted as described by Shoguchi et al., (2000) with some 
modifications as below. Hybridization and washing were performed at 60°C for 
those specimens in developmental stages between blastula and doliolaria. 
Early-auricularia and auricularia specimens were hybridized and washed at 
37°C to avoid shrinking of the specimens due to heating. For those specimens at 
the pentactula stage, washing process was performed as described by Omori et 
al. (2011). Subsequently, the specimens were washed with PBST four times and 
incubated in 0.5% blocking reagent (Roche) in PBST (blocking buffer) at 4°C 
overnight, followed by an incubation with 1/2000 volume of anti-DIG-AP 
(Roche) in blocking buffer for 1 h at room temperature. Following washes with 
PBST (10 min, 6 times), immunodetection was performed using BM purple 
(Roche) at room temperature. 
Stained specimens were then mounted on glass slides and observed under 
an Olympus BX50 microscope. After being observed as a whole mount, the 
doliolaria and pentactula samples were embedded in Technovit 8100 or 
Technovit 7100 and sliced into 5 µm sections. These sections were 
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counterstained with Nuclear Fast Red (Wako, Osaka, Japan) and observed 
under an Olympus BX50 microscope. 
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RESULTS 
 
Development of A. japonicus 
 
Fertilized eggs of A. japonicus reared at 20°C developed through cleavage 
in the fertilization envelope (Fig. 4B, 4C, 4D, 4E). Twelve hours after 
fertilization, they developed into blastula (Fig. 4F) and shortly after that, the 
embryos hatched out before gastrulation. Gastrulation began 20 hours after 
fertilization; the epithelial cells invaginated into the blastocoel at the vegetal 
pole (Fig. 4G). Mesenchyme cells were located at the tip of the invaginating 
archenteron. When the archenteron reached the equatorial plane of the embryo 
(Fig. 4H, 4Q), the tip of the archenteron bent and fused with stomodeum which 
is invaginated from presumptive oral ectoderm to open a mouth (Fig. 4I, 4R). 
The coelomic pouch which is invaginated from archenteron adhered to the 
dorsal ectoderm to open a hydropore. The hydropore is the opening located in 
the left side of the larva connecting with the hydrocoel. After mouth opening, 
the hatched embryos developed into early auricularia larva (Fig. 4J, 4S) which 
was defined as a swimming larva in which the ciliary band is not yet fully 
formed and the archenteron is not yet completely differentiated. Ciliary band is 
the belt of ciliated cells and is the primary swimming and feeding organ of the 
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larva. Three days after fertilization, the embryos became mid auricularia larva 
(Fig. 4K, 4T) with looped circum-oral ciliary band, and the archenteron 
differentiated into three regions, esophagus, stomach, and intestine. The larva 
continuously grew in size and became late auricularia larva (Fig. 4L, 4U). The 
left somatocoel was divided from hydrocoel in late auricularia larval stage. 
Subsequently, late auricularia larva metamorphosed (Fig. 4M) into the 
barrel-shaped doliolaria larva (Fig. 4N). During metamorphosis, the body 
shrank, the mouth traveled to the anteriormost region of the larva, the adult 
anus opened at the posteriormost region of the larva, and the single continuous 
loop of ciliary band was segmented into five transverse rings. At the doliolaria 
stage (Fig. 5A, 5B, 5C, 5D, 5E, 5F, 5G, 5M), the hydrocoel which is indicated in 
blue in Fig. 5L, 5M, 5N elongated and branched to form the five buccal podia 
and a mid-ventral radial vessel which grew toward the ventral side of the larva. 
The digestive tract indicated in yellow in Fig. 5L, 5M, 5N was folded and 
configured in a three-dimensional S-shaped morphology. The somatocoel 
indicated in green in Fig. 5L, 5M, 5N which was located both sides of the 
digestive tract as right and left somatocoel at the late auricularia stage 
elongated and fused to enclose the S-shaped digestive tract. After few days 
swimming, the larva settled, and developed into the pentactula larva (Fig. 4O). 
In pentactula stage (Fig. 5H, 5I, 5J, 5K, 5N), five buccal podia were formed at 
the edge of the mouth pentamerally and the mid-ventral radial vessel was 
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protruded from the ventral wall to form the tube foot. The digestive tract 
surrounded by the somatocoel elongated and formed a clockwise helical 
structure. The larva reached at juvenile about 50 days after fertilization (Fig. 
4P). 
 
Isolation and identification of AjHox genes 
 
In total, I isolated 140 clones containing a homeobox fragment by RT-PCR 
using primers based on conserved amino acid sequences at the first and third 
helices. These sequences were categorized into 14 different sequences. Using 
BLAST search, I revealed that eleven sequences were Hox-type, while four were 
Hex, Mox and Xlox. Based on the Hox-type sequences, I performed 5'- and 3'- 
RACEs, and obtained eight different Hox coding sequences containing entire 
coding regions (Fig. 6). The deduced amino acid sequences of the homeodomain 
in eight A. japonicus Hox genes (AjHox genes) were used for phylogenetic 
analysis, based on the NJ method which also included homeodomain sequences 
from Hox genes of mouse Mus musculus, ascidian Ciona intestinalis, amphioxus 
Branchiostoma floridae, hemichordate Ptychodera flava, crinoid Metacrinus 
rotundus, echinoid Strongylocentrotus purpuratus, and fruit fly Drosophila 
melanogaster (Fig. 7).  
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The NJ tree strongly suggests that one of the eight AjHox genes is 
orthologous to Hox1, which I named AjHox1 (GenBank accession no. LC016608). 
In addition, this analysis indicated that three AjHox genes belong to the medial 
Hox group and four AjHox genes belong to the posterior Hox group. In the 
medial Hox group, Hox4 is characterized by a five peptide motif (LPNTK) found 
in the C-terminal flanking region of the homeodomain (Sharkey et al., 1997). 
The three medial AjHox genes did not present this five peptide motif, 
suggesting that they are not Hox4 orthologs. Hox5, Hox6, Hox7, and Hox8 are 
difficult to classify because none of them show any characteristic residue in the 
homeodomain or the flanking region (Sharkey et al., 1997; Hara et al., 2006); 
however, in this case, the NJ tree showed that one of the tree medial AjHox 
genes is closely related to the sea urchin SpHox7 gene and the sea lily MrHox7 
gene, with high bootstrap values of 96%. Another AjHox appeared to be related 
to SpHox8 and MrHox8 with 77% support. Furthermore, the NJ tree based on 
homeodomain sequences of hemichordate and echinoderms medial Hox genes 
supports AjHox orthology in relation to Hox5, Hox7, and Hox8 (Fig. 8A). Based 
on these results, I named the three medial Hox genes: AjHox5 (GenBank 
accession no. LC016609), AjHox7 (GenBank accession no. LC016610), and 
AjHox8 (GenBank accession no. LC016611). 
Echinoderms and hemichordates share four Abd-B related genes located in 
the posterior Hox group, named Hox9/10, Hox11/13a, Hox11/13b, and 
 20 
Hox11/13c. Hox11/13a, Hox11/13b and Hox11/13c were named because of a 
weak phylogenetic association with vertebrate Hox11/13 genes (Martinez et al., 
1999). How these genes are related to other Abd-B genes remains unclear; 
however, it has been suggested that they might be related to the deuterostome 
Hox9/10 group instead of being related to other Hox11/13 genes, as they share 
the motif MYLTRE/DR in their homeodomain (Peterson 2003). To clarify this 
relation, I built a NJ tree based on amino acid sequences of the homeodomain of 
Hox9/10, Hox11/13a, Hox11/13b, and Hox11/13c from echinoderms and 
hemichordates, and that of Hox9/10 from chordates (Fig. 8B). This tree showed 
that four AjHox genes were orthologous to Hox9/10, Hox11/13a, Hox11/13b, and 
Hox11/13c, which I respectively named AjHox9/10 (GenBank accession no. 
LC016612), AjHox11/13a (GenBank accession no. LC016613), AjHox11/13b 
(GenBank accession no. LC016614), and AjHox11/13c (GenBank accession no. 
LC016615). 
 
Temporal expression patterns of AjHox genes 
 
Using RT-PCR, I examined the temporal expression patterns of eight 
AjHox genes at nine developmental stages from blastula to pentactula (Fig. 9). 
Embryos and larvae were staged according to Yoshida et al. (2001). AjHox1 
began to be expressed in the gastrula stage and its expression levels increased 
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slightly until reaching the early auricularia stage, and subsequently decreased 
in the mid auricularia stage. In the late auricularia stage, AjHox1 expression 
was almost undetectable. This gene was expressed again in the doliolaria stage, 
and its expression level in the doliolaria and pentactula stages was higher than 
those at earlier stages. 
AjHox5 was temporally expressed in the gastrula stage, although its 
expression became undetectable from the late gastrula to the late auricularia 
stages. AjHox5 was expressed again in the doliolaria stage. And its expression 
levels in the doliolaria and pentactula stages were higher than those in the 
gastrula. AjHox7 expression was first detected in the hatched embryo stage, 
and the expression level continued to increase until early auricularia stage then 
decreased at the mid auricularia stage. This decrease in gene expression 
continued until the doliolaria stage. AjHox7 expression level increased again at 
the pentactula stage. AjHox8 expression was first detected in the hatched 
embryo stage. The expression level increased until the mid auricularia stage, 
and decreased in the late auricularia stage. AjHox8 expression slightly 
increased in the doliolaria and decreased in the pentactula stage. AjHox9/10 
expression was not detected until the early auricularia stage. Its expression 
increased until the mid auricularia stage, and decreased in the late auricularia 
stage. AjHox9/10 expression was almost undetectable in the late auricularia 
stage. AjHox9/10 was expressed again in the doliolaria stage, although its 
 22 
expression decreased slightly the pentactula stage. The expression levels of 
AjHox9/10 in the doliolaria and pentactula stages were higher than those in the 
early auricularia and mid auricularia stages. Low expression levels of 
AjHox11/13a were observed at blastula, hatched embryo and gastrula stages. 
Its expression level increased in the late gastrula stage, reached maximum in 
the early auricularia stage, and then continuously decreased until the 
pentactula stage. AjHox11/13b was expressed in the blastula and hatched 
embryo stages. Its expression level decreased in the gastrula stage and slightly 
increased in the late gastrula, early auricularia and mid auricularia stages. The 
expression of AjHox11/13b decreased in the late auricularia stage, and 
decreased steadily until the pentactula stage. AjHox11/13c expression was first 
detected in the late gastrula stage. Its expression level increased until the mid 
auricularia stage, it decreased again in the late auricularia stage, increased in 
the doliolaria stage and slightly decreased in the pentactula stage. For all 
AjHox genes investigated, the level of expression decreased to same extent in 
the late auricularia stage, and then increased again in the doliolaria stage. 
 
Spatial expression patterns of AjHox genes 
 
Spatial expression patterns of the AjHox genes were examined at the same 
developmental stages analyzed with RT-PCR, except for the hatching embryo 
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stage (Figs. 10, 11, 12). The ontogenic expression pattern was basically 
consistent with the temporal expression patterns shown by RT-PCR. Thus 
AjHox11/13b transcripts were detected in the blastula stage. AjHox11/13b was 
expressed in a ring and it was mainly expressed in the vegetal hemisphere 
surrounding the animal-vegetal axis in the blastoderm (Fig. 10A).  
In the gastrula stage, the expression of AjHox1, AjHox7, AjHox8 and 
AjHox11/13b was clearly detected. The expression of AjHox5 remained below 
the detection limit of in situ hybridization. AjHox1 was expressed in a small 
section within the vegetal-most aboral-most ectoderm and in mesenchyme cells 
located at the dorsal side of the invaginating archenteron, which develops into 
the hydrocoel in later stage (Fig. 10B, 10C). AjHox7 was expressed as a patch 
within the aboral-most ectoderm of the vegetal hemisphere (Fig. 10D, 10E). 
AjHox8 was expressed at the tip of the archenteron and at the archenteron 
adjacent to the blastopore (Fig. 10F). AjHox11/13b expression occurred in the 
surrounding region of the blastopore in a ring (Fig. 10G). It seems that more 
vegetal region from the AjHox11/13b expressing zone in blastula stage (Fig. 
10A) invaginated to ultimately form the archenteron and the mesenchyme cell 
mass (Fig. 10G).  
In the late gastrula stage, the expression of AjHox7, AjHox8, AjHox11/13a, 
and AjHox11/13b were detected by in situ hybridization. The WISH signals of 
AjHox1 and AjHox11/13c were not detected due to low expression levels. AjHox7 
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expression continued as a patch within the aboral-most ectoderm of the vegetal 
hemisphere. The area expressing AjHox7 slightly expanded towards the oral 
side near the blastopore. This signal was also observed in the wall of the dorsal 
side of the archenteron (Fig. 10J, 10K). AjHox8 was expressed in the 
archenteron in a ring adjacent to the blastopore. At this stage, the expression of 
AjHox8 in the tip of the archenteron observed at gastrula stage disappeared 
(Fig. 10L). AjHox11/13a expression became evident around the blastopore in the 
form of a ring (Fig. 10M). AjHox11/13b was expressed in the surrounding region 
of the blastopore also in the form of a ring (Fig. 10N).  
In the early auricularia stages, the expression of AjHox1 AjHox7, AjHox8, 
AjHox11/13a and AjHox11/13b was detected by in situ hybridization. Although 
the expression of AjHox11/13c was detectable by RT-PCR (Fig. 9), WISH signal 
was not detected. AjHox11/13c signal in the early auricularia stage sample of 
the RT-PCR could be derived from the contamination of the larvae in the mid 
auricularia stage due to asynchronous larval development. AjHox1 was 
expressed at the bottom of the esophagus, which is the region adjacent to the 
stomach (Fig. 10O). The expression of AjHox7 in the aboral ectoderm was 
significantly reduced, and it became restricted to the anterior-most intestine 
region adjacent to the stomach (Fig. 10P). AjHox8 was expressed in middle part 
of the intestine. The anterior boundary of AjHox8 expressing region bordered 
with the posterior boundary of AjHox7 expressing region (Fig. 10Q). 
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AjHox11/13a was expressed in the same region as AjHox8 (Fig. 10R). 
AjHox11/13b was expressed in the posterior-most intestine region and the anus 
(Fig. 10S). The expression patterns of the AjHox genes in the gastrula, late 
gastrula and early auricularia stages are summarized in Fig. 10H and 10I, Fig. 
10T and 10U, and Fig. 10V, respectively. It is worthy of note that AjHox7, 
AjHox8, AjHox11/13a, and AjHox11/13b were all expressed sequentially along 
the anteroposterior axis in the posterior region of the archenteron and anus in 
the early auricularia stage, and that at the stage when the archenteron 
differentiates into esophagus and stomach, AjHox1 is expressed within the 
posterior-most region of the esophagus, which is the region adjacent to the 
stomach.  
In the mid auricularia stage, the expression of AjHox7, AjHox9/10, 
AjHox11/13b and AjHox11/13c was detected by in situ hybridization. Although 
the expression of AjHox1 and AjHox8 was detectable by RT-PCR (Fig. 9), WISH 
signals were not detected due to low expression levels. AjHox7 (Fig. 11A), 
AjHox11/13b (Fig. 11C), and AjHox11/13c (Fig. 11D) expressions were detected 
throughout the entire stomach region; whereas AjHox7 and AjHox11/13b 
expressions in the intestine, which were observed in the early auricularia, 
decreased below detection limits. AjHox11/13b continued to be expressed in the 
anal region (Fig. 11C). Significant expression of AjHox11/13a was detected by 
RT-PCR (Fig. 9); however, I failed to demonstrate the expression by in situ 
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hybridization. Some level of asynchrony during development was observed in 
some of the larvae used for RT-PCR; therefore, it is possible that the 
AjHox11/13a mRNA detected by RT-PCR was derived from larvae in early 
auricularia and/or late auricularia stages in the mid auricularia sample. 
AjHox9/10 was expressed within the developing hydrocoel (Fig. 11B). 
In the late auricularia stage, the expression of AjHox7, AjHox11/13a, and 
AjHox11/13b was detected by in situ hybridization. The expression of AjHox1, 
AjHox8, and AjHox11/13c was detectable by RT-PCR (Fig. 9); however, their 
WISH signals were not detected due to low expression levels. The expression of 
AjHox7 (Fig. 11F), AjHox11/13b (Fig. 11I) and AjHox11/13c (data not shown) 
decreased significantly in the stomach. The expression of AjHox7 became 
restricted to posterior-most region of the stomach. AjHox11/13a was expressed 
again in the posterior-most region of the left somatocoel (Fig. 11G, 11H). At this 
stage, the expression of AjHox11/13b also began to be restricted to the region 
around the anus. Taken together, the expression of most AjHox genes examined, 
except for AjHox7, AjHox11/13a, and AjHox11/13b, was interrupted or 
significantly decrease in the late auricularia stage. The expression patterns of 
AjHox genes in the mid auricularia and late auricularia stages are summarized 
in Fig. 11E and Fig. 11J, respectively. 
Larval internal anatomy increases in complexity after the doliolaria stage. 
At the doliolaria stage, the digestive tract is configured in a three-dimensional 
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S-shaped morphology surrounded by the somatocoel which consists of 
two-layered cells. The radial canal runs from ring canal posteriorly outside the 
somatocoel (Fig. 5M). 
In order to identify internal expression regions within the digestive tract, I 
made serial sections from specimens which were subjected to whole mount in 
situ hybridization of AjHox genes, and examined the expressing area. AjHox1 
(Fig. 12A, 12A', 12A''), AjHox5 (Fig. 12B, 12B', 12B''), AjHox8 (Fig. 12D, 12D', 
12D''), AjHox7 (Fig. 12C, 12C', 12C''), AjHox9/10 (Fig. 12E, 12E', 12E''), 
AjHox11/13a (Fig. 12F, 12F', 12F''), AjHox11/13b (Fig. 12G, 12G', 12G'') and 
AjHox11/13c (Fig. 12H, 12H', 12H'') were observed to be expressed sequentially 
along the anteroposterior axis in the digestive tract. AjHox1 was expressed in 
the pharynx while AjHox11/13c was expressed in the posterior-most region of 
the rectum. The sections of WISH samples showed that all in situ hybridization 
signals were detected in the internal area of the larva. AjHox1, AjHox7, 
AjHox11/13b and AjHox11/13c are expressed in the endoderm. AjHox5, AjHox8, 
AjHox9/10, AjHox11/13a, AjHox11/13b, and AjHox11/13c appeared to be 
expressed in somatocoel surrounding the endodermal digestive tract. The 
expression patterns of AjHox genes in doliolaria stage larvae are summarized in 
Fig. 12I.  
In the pentactula stage, the digestive tract elongates and forms a clockwise 
helical structure. AjHox1 (Fig. 13A, 13A'), AjHox5 (Fig. 13B, 13B'), AjHox8 (Fig. 
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13D, 13D'), AjHox7 (Fig. 13C, 13C'), AjHox9/10 (Fig. 13E, 13E'), AjHox11/13a 
(Fig. 13F, 13F'), AjHox11/13b (Fig. 13G, 13G'), and AjHox11/13c (Fig. 13H, 
13H') were expressed sequentially along the anteroposterior axis of the 
digestive tract. AjHox1 was expressed in the pharynx. AjHox11/13c was 
expressed in the posterior-most region of the rectum and the anus. The order of 
expression of AjHox genes along the anteroposterior axis in pentactula larvae 
was similar to that observed in doliolaria larvae. The expression patterns of 
AjHox genes in pentactula stage larvae are summarized in Fig. 13I. 
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DISCUSSION 
 
Sequential expression of Hox genes 
 
Comprehensive analysis of Hox gene expression in echinoderm larvae has 
been reported in sea urchins (Arenas-Mena et al., 1998, 2000; Tsuchimoto and 
Yamaguchi, 2014), sea lily (Hara et al., 2006). In the sea urchin 
Strongylocentrotus purpuratus, only Hox7 and Hox11/13b are known to be 
expressed in prism and early pluteus stages. The expression region of Hox7 and 
Hox11/13b are complementary to each other. Hox7 is expressed in the aboral 
ectoderm while Hox11/13b is expressed in the oral ectoderm, endoderm and 
cells of the secondary mesenchyme (Angerer et al., 1989; Dobias et al., 1996). 
Previously, it is reported that in the sea urchin Hemicentrotus pulcherrimus 
the ectopic expression of Hbox1 (Hox7) induces the ectopic expression of the 
aboral ectoderm marker protein Ars and decreases the expression of the oral 
ectoderm marker protein EctoV and the primary mesenchyme marker protein 
PMCA4, and downregulates the endoderm marker gene Endo16 and the 
primary mesenchyme marker gene SM50 (Ishii et al., 1999). In addition, the 
ectopic expression of Hbox7 (Hox11/13b) induces the ectopic expression of EctoV 
and decreases the expression of Ars (Ishii et al., 1999). These findings suggest 
that Hox7 and Hox11/13b are involved in spatial specification in the early larval 
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stages in sea urchins, although the sequential spatial expression of Hox genes 
along the anteroposterior axis was not observed in the early developmental 
stages. In later larval stages in sea urchins, the sequential expression of some 
Hox genes begins to be evident. A spatially sequential expression of five 
posterior Hox genes; SpHox7, SpHox8, SpHox9/10, SpHox11/13a, and 
SpHox11/13b, along the oral-anal axis has been observed in mesodermal 
somatocoels in late pluteus larvae of the sea urchin species S. purpuratus, 
which already shows rudimental adult characteristics (Arenas-Mena et al., 
2000). In the sea lily M. rotundus, the sequential expression of MrHox5, 
MrHox7, MrHox8, and MrHox9/10 in mesodermal somatocoels along the enteric 
sac which becomes adult digestive tract has been observed in auricularia larvae 
(Hara et al., 2006). In the sea urchin P. japonica, the five posterior Hox genes 
PjHox7, PjHox8, PjHox9/10, PjHox11/13a, and PjHox11/13b are expressed in 
the left somatocoel in numerical order, in a clockwise manner viewed from the 
adult oral side (Tsuchimoto and Yamaguchi, 2014) as observed in S. purpuratus 
(Arenas-Mena et al., 2000). Here, I showed that the sea cucumber A. japonicus 
expresses AjHox1, AjHox7, AjHox8, AjHox11/13a, and AjHox11/13b 
sequentially along the digestive tract in early larval stages (Fig. 10). These 
results suggest that the ancestral function of the Hox gene cluster is conserved 
in bilateral larvae of echinoderms, and that larval specification along the 
digestive tract involves regional activation of the Hox genes.  
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Previous studies have shown that major portions of the digestive tract, 
except for the anal area of the hindgut and the esophagus, are retained from 
embryogenesis to the adult body plan in sea urchin development (Peterson et al., 
1997, 2000). It has also been suggested that the axial information established in 
the somatocoel/mesentery might be involved in the transformation into the 
adult digestive tract in echinoderms (Tsuchimoto and Yamaguchi, 2014). 
Although Hox genes have been considered to be mainly involved in the 
patterning of the axial skeleton, central nervous system and limbs in bilateria 
(Krumlauf 1994), recently it has been suggested that they might also be 
involved in regional specification of the developing gut during embryogenesis. 
In Micrura alaskensis of the phylum Nemertea, nine Hox genes are expressed 
sequentially in a subset of the rudiments which give rise to the juvenile trunk 
along the anteroposterior axis (Hiebert and Maslakova, 2015). In mollusk 
Acanthchitona crinita, seven Hox genes are expressed in the mesodermal cell 
layer along the digestive tract (Fritsch et al., 2015). In Drosophila, several Hox 
genes are expressed sequentially in the visceral mesoderm along the 
anterior/posterior axis (Bienz 1994). In chickens, several groups have reported 
that Hox4-13 are expressed in the visceral mesoderm in the developing gut, 
showing a nested pattern in which the genes located closer to the 3’ end of the 
cluster show a more anterior expression boundary, and the expression domains 
of these genes correlate with the morphological subdivision of the digestive tract 
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along the anterior/posterior axis (Roberts et al., 1995; Yokouchi et al., 1995; 
Sakiyama et al., 2001). In mouse, Hox3-9 are known to be mainly expressed in 
the visceral mesoderm of the developing gut and to show a co-linear pattern in 
which 3' genes are expressed more anteriorly than the ones closer to the 5', 
during embryogenesis (Beck et al., 2000). In addition, other studies have shown 
that mutant mice lacking all of the Hoxd genes except for Hoxd1 and Hoxd3 
lack the sphincter at the ileocecum and show a continuous transition from the 
lower ileum to the colon (Zakany and Duboule 1999). These data suggest that, 
in bilateria, Hox genes are involved in regional specification of the digestive 
tract along the anterior/posterior axis, as well as in the regional specification of 
the axial skeleton and the central nervous system. In A. japonicus, AjHox1, 
AjHox7, AjHox11/13b, and AjHox11/13c were expressed in the epithelium of the 
digestive tract and AjHox5, AjHox7, AjHox8, AjHox9/10, AjHox11/13a, 
AjHox11/13b, and AjHox11/13c were expressed in the cell layer adhering to the 
digestive tract derived from the somatocoel (mesodermal tissue), but not 
expressed in the ectoderm or the nervous system in the doliolaria stage (Fig. 12). 
This sequential expression in mesodermal tissue is similar to those described 
from the visceral mesoderm of other bilateria. Therefore, it is suggested that the 
regional specification of the digestive tract is the fundamental function of Hox 
genes and is more conserved in bilateria, and also AjHox genes are involved in 
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the patterning of the digestive tract along the mouth/anus axis as in other 
bilateria. 
AjHox1 was expressed in the pharyngeal endoderm at the boundary 
between the foregut and the midgut in early auricularia larvae (Fig. 10O) and 
after metamorphosis (Fig. 12A, 12A’, 12A''). In other bilateria, Hox1 gene is also 
expressed in the pharyngeal endoderm, and it represents a direct target of 
retinoic acid which is involved in the determination of the anterior/posterior 
position of pharyngeal structures in vertebrates and the amphioxus (Schubert 
et al., 2005). It has been also reported that Hox1 is expressed in the pharyngeal 
region in hemichordates and polychaetes (Irvine and Martindale 2000; 
Aronowicz and Lowe 2006). Therefore, AjHox1 role might have been conserved 
and is likely to be involved in specifying the position of pharyngeal structures in 
A. japonicus as in other bilateria. This being the case, these data would support 
the hypothesis that AjHox genes are involved in the development of the 
digestive tract pattern along the mouth/anus axis in sea cucumbers similar to 
other bilateria. 
The numerical order of AjHox7–AjHox8 described here represents an 
inverted image of their spatial expression along the anteroposterior axis (Fig. 
12, 13); however, the reason for this inversion remains unknown, and further 
research on the genomic organization of the Hox cluster in A. japonicus is 
required. 
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Pentameral expression of Hox genes 
 
Pentameral expression of Hox genes has been reported in echinoderm 
adult rudiments and juveniles. In sea stars, Hox4 is expressed in the 
pentaradial hydrocoel in juvenile (Cisternas and Byrne 2009). In the adult 
rudiment of echinods, Hox1, Hox5 and Hox11/13b are expressed pentameraly in 
the vestibule ectoderm (adult ectoderm) and Hox3 is also expressed 
pentameraly in mesodermal tissue (dental sac and/or spine) (Arenas-Mena et al., 
1998; Morris and Byrne 2005, 2014; Tsuchimoto and Yamaguchi 2014). In S. 
purpuratus, unusual gene order and organization of the Hox cluster bas been 
reported: Hox4 is lost, Hox1, Hox2, and Hox3 are translocated to the opposite 
end of the cluster and their transcriptional orientation is inversed, while Hox5 
and Hox11/13b are inversed in situ (Cameron et al., 2006). Therefore, it has 
been suggested that the Hox genes showing inverted transcriptional orientation 
are involved in the patterning of the pentaradial body plan instead of the 
anterior/posterior patterning in sea urchins (Tsuchimoto and Yamaguchi 2014). 
However, a recent study showed that the Hox cluster of a starfish Acanthaster 
planci generally resembles the chordate and hemichordate clusters exhibiting 
numerical order of Hox genes in the cluster (Baughman et al., 2014). This 
finding suggests that translocation and/or inverted transcriptional orientation 
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of Hox1, Hox2, Hox3 and Hox5 is not responsible for the patterning of the 
pentaradial body plan. Sea cucumbers exhibit bilateral symmetry with an 
anteroposterior axis while also exhibiting pentameral symmetry. In A. 
japonicus, these pentameral expression patterns of Hox genes are not observed 
in the pentactula stage, when the larva has already reached its pentaradial 
body plan (Fig. 12). Previous studies have suggested that Hox genes are not 
involved in the patterning along the pentaradial axis but in the specification of 
the pentameral structure (Arenas-Mena et al., 2000, Tsuchimoto and 
Yamaguchi, 2014). Our results support the hypothesis that Hox genes are not 
involved in formation of pentameral symmetry. The pentameral symmetry in 
sea cucumbers is as obvious as that of starfishes and sea urchins, implying that 
Hox genes are involved in the establishment of pentameral organization by 
specifying individual pentameral structures after the initial formation of the 
pentaradial axis in adult sea urchin and sea star; instead, AjHox genes are 
likely to be exclusively involved in the patterning of the digestive tract in adult 
sea cucumbers, plainly explaining why sea cucumbers do not exhibit a strict 
pentameral symmetry. 
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CONCLUSION 
 
Based on the results of gene expression analysis of AjHox genes, I suggest 
that AjHox genes are involved in the development of spatial patterns along the 
larval archenteron in the early auricularia stage. After metamorphosis, these 
genes are involved in the re-specification of the larval archenteron in order to 
define the adult digestive tract along the mouth/anus axis. The expression 
pattern of AjHox genes in the developing adult digestive tract is very similar to 
that of other bilateria; therefore, the regional specification of the digestive tract 
by Hox genes along the mouth/anus axis is conserved in sea cucumber. 
These results in sea cucumber together with the sequential expression of 
Hox genes in mesodermal somatocoel along the digestive tract in sea urchin and 
sea lily suggest that Hox genes are involved in the patterning of the developing 
gut along the mouth/anus axis but not in the patterning of the ectoderm or the 
nervous system in echinoderm. 
In this study I showed that pentameral expression patterns of Hox genes 
are not observed in sea cucumber when the larva reaches its pentaradial body 
plan suggesting that Hox genes are not involved in formation of pentameral 
symmetry in echinoderm. Therefore, together with the number of Hox genes 
sequentially expressing along the digestive tract in sea cucumber, I suggest that 
Hox genes are mainly involved in the patterning of the digestive tract along the 
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mouth/anus axis in sea cucumber whereas Hox genes are co-opted to the 
specification of individual pentameral structures in sea urchin and sea star in 
addition to the patterning of the digestive tract. This may help explain why sea 
cucumbers do not exhibit strict pentameral body structure among echinoderms. 
Further investigation of Hox gene expression in other echinoderms which are 
not yet analyzed would shed light on the body plan evolution in echinoderm. 
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Fig. 1 
Phylogenetic tree of Metazoa. The animals included in the green box 
(Lophotrochozoa, Ecdysozoa, Echinodermata, Hemichordata, 
Cephalochordata, Urochordata and Vertebrata) have bilaterial symmetrical 
body plan. Within this group, Echinodermata (indicated by yellow box) have 
secondary evolved pentaradial symmetrical body plan. 
Fig. 2 
 
 
 
Fig. 2 
Schematic illustration of the late pluteus larva of sea urchin bearing the 
adult rudiment from which almost all the adult tissues are derived. The 
horizontal arrow indicates the oral/aboral axis of the developing adult sea 
urchin. The vertical arrow indicates the anteroposterior axis of the larva. 
The oral/aboral axis in adult is formed shifted 90° from the anteroposterior 
axis of the larva in sea urchin. Thus the larval axis designation is not 
applicable to the adult. The abbreviations are as follows: an, anus; ar, adult 
rudiment; m, mouth; st, stomach. 
Fig. 3 
 
Fig. 3 
Spatial expression pattern of Hox genes in sea urchin S. purpuratus and sea 
lily M. rotundus. (A) The illustration which shows the expression patterns of 
Hox genes at late pluteus larval stage in S. purpuratus viewed from left 
lateral side. Five posterior Hox genes (SpHox7, SpHox8, SpHox9/10, 
SpHox11/13a, and SpHox11/13b) are expressed sequentially in a clockwise 
manner in mesodermal somatocoel along the digestive tract. (B) The 
illustration which shows the expression patterns of Hox genes at auricularia 
larval stage in M. rotundus viewed from oral side. The sequential expression 
of four Hox genes (MrHox5, MrHox7, MrHox8, and MrHox9/10) in 
mesodermal somatocoels located on both sides of the enteric sac from which 
the adult digestive tract is derived. The abbreviations are as follows: an, 
anus; ar, adult rudiment; es, enteric sac; m, mouth; sc, somatocoel. 
Fig. 4 
 
Fig. 4 
Spawning and the normal development of A. japonicus. The anterior 
(animal) ends are arranged at the top. (A) Spawning was observed in 1.5 
hours after injection of cubifrin. The matured oocytes were spawned (black 
arrowhead) from gonopore located at the anterior dorsal side of A. japonicus. 
(B) An fertilized egg of A. japonicus. The fertilization membrane was hardly  
observed because the elevation of the fertilization membrane is too small. 
Soon after fertilization, the polar body was formed at the animal pole of the 
egg. (C) 2 cell stage. The meridional equal cleavage occurred 1.5 hours after 
fertilization. (D) 4 cell stage. The second cleavage occurred meridionally 
2.25 hours after fertilization. (E) 8 cell stage. The third cleavage occurred 
latitudinally 3 hours after fertilization. (F) Blastula stage 12 hours after 
fertilization. (G) Early gastrula stage 20 hours after fertilization. The 
epithelial cells located at the vegetal plate began to invaginate into the 
blastocoel (black arrowhead). (H) Gastrula stage 23 hours after fertilization 
viewed from ventral side. The archenteron reached about halfway across the 
blastocoel. (I) Late gastrula stage 30 hours after fertilization viewed from 
left lateral side. The tip of archenteron bent ventrally and fused with 
stomodeum to open a mouth (black arrowhead). (J) Early auricularia stage 
40 hours after fertilization viewed from left lateral side. The ciliary band 
and the tripartite archenteron was not yet completely differentiated. (K) 
Mid auricularia stage 71 hours after fertilization viewed from ventral side. 
The circum- oral ciliary band was formed and the archenteron differentiated 
into tree regions, esophagus, stomach, and intestine. (L) Late auricularia 
stage 19 days after fertilization viewed from dorsal side. (M) The larva at 
metamorphosis 22 days after fertilization viewed from dorsal side. The 
single continuous loop of ciliary band segments into five transverse rings. 
(black arrowhead). (N) Doliolaria stage 26 days after fertilization. The 
mouth migrated to anteriormost region of the larva (black arrowhead) and 
the new anus opened posteriormost region of the larva (black arrow). (O) 
Pentactula stage 35 days after fertilization. Five buccal podia are formed at 
the edge of the mouth pentamerally (black arrowhead). (P) Juvenile stage 48 
days after fertilization. The mid-ventral radial vessel elongated to form the 
tube foot (black arrowhead) and the ossicles were significantly increased. 
(Q) The illustration of gastrula viewed from ventral side. (R) The 
illustration of late gastrula viewed from ventral side. (S) The illustration of 
early auricularia viewed from left lateral side. (T) The illustration of mid 
auricularia viewed from ventral side. Black arrowheads indicate ciliary 
band. (U) The illustration of late auricularia viewed from ventral side. The 
abbreviations are as follows: ar, archenteron; an, anus; bp, blastopore; es, 
esophagus; hc, hydrocoel; hp, hydropore; in, intestine; ls left somatocoel; m, 
mouth; mc, mesenchyme cell; rs, right somatocoel; st, stomach. The scale 
bar represents 100 µm. 
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Fig. 5 
The internal structure of doliolaria and pentactula larva. (A-C) Sequential 
perpendicular sections of doliolaria larva at deferent levels from ventral to 
dorsal side arranged with the anterior end at the top. (A) The section shows 
the stomach connecting to the intestine. (B) The section shows the 
somatocoel which consists of two-layered cells sorrounding the stomach and 
intestine. (C) The section shows the radial canal running from ring canal 
posteriorly outside the somatocoel. (D-F) Sequential cross sections of 
doliolaria larva at deferent levels from anterior to posterior end arranged 
with the ventral side at the left. (D) The section shows the stomach and the 
anterior end of the intestine, and mid-ventral radial vessel can be observed 
at the ventral side. (E) The section shows the connection of the stomach and 
the intestine surrounded by the somatocoel. The mid-ventral radial vessel 
and two radial canal run outside the somatocoel. (F) The section shows the 
intestine and the posterior end of the stomach. The mid-ventral radial 
vessel is observed to form tube foot at this level. (G) The illustration 
summarizes the internal structure of doliolaria larva arranged with the 
anterior end at the top and ventral side on the left. The horizontal dashed 
lines represent the levels of cross section in D-F. (H-J) Sequential 
perpendicular sections of pentactula larva at deferent levels from left to 
right side. (H) The section shows buccal podia, the stomach and a tube foot 
protruded ventrally. (I) The section shows the stomach and the intestine 
connected to the anus. (J) The section shows the stomach, the intestine and 
the mouth opened at the anterior end of the larva. (K) The illustration 
summarizes the internal structure of pentactula larva arranged with the 
anterior end at the top and ventral side on the left. (L-N) The illustration 
shows the internal structure of late auricularia, doliolaria and pentactula 
larva respectively. The yellow-colored regions indicate the digestive tract, 
green-colored regions indicate somatocoel and blue-colored regions indicate 
hydrocoel and its derivatives (buccal podia, mid-ventral radial vessel radial 
canal tube foot). The abbreviations are as follows: an, anus; bp, buccal podia; 
in, intestine; lsc, left somatocoel; m, mouth; mvrv, mid-ventral radial vessel; 
rc, radial canal; rsc, right somatocoel; sc, somatocoel; st, stomach; tf, tube 
foot. The scale bars represent 100 µm. 
Fig. 6 (A)
AjHox1
Sequence size : 1515
Sequence Position : 1 - 1515
Translation Position : 104 - 1396  
          10        20        30        40        50        60        70        80        90       100       110       120
  ATACAGGGAATGGACTAACTTAATATCGACTGTACGTTGCACTTCCTTCCCTATAATAAGTACGTCATTTATCGCTCAAATGGTATTTTGAAATATATATCTGATGAAAAAAGGTACCAA
                                                                                                         M  K  K  G  T  K
         130       140       150       160       170       180       190       200       210       220       230       240
  ACAACAGAGGTTAAAGAGTAGAGGACTTTTTTATATACTGGGCTCTCTTTTTTTATTTGTTTATGTGACTATAGGCCATTGCATTATCACAATGGACAAAGGTAGCCCTGTTAGTGCTAA
   Q  Q  R  L  K  S  R  G  L  F  Y  I  L  G  S  L  F  L  F  V  Y  V  T  I  G  H  C  I  I  T  M  D  K  G  S  P  V  S  A  N
         250       260       270       280       290       300       310       320       330       340       350       360
  CGCTCCCTACACTACAGATTACGACAGACACCAAGAAGTATTCACAACCAACCGTGGACTAGAGTATACCGGAGTCGGTGCAATGGCGCAGGGCACCACTATGCTTTACCACGGACACGA
   A  P  Y  T  T  D  Y  D  R  H  Q  E  V  F  T  T  N  R  G  L  E  Y  T  G  V  G  A  M  A  Q  G  T  T  M  L  Y  H  G  H  E
         370       380       390       400       410       420       430       440       450       460       470       480
  GCGGTACCACGATAACCTGGAACAATTGGACTCGAGGGTGCTGGGGGAGTACACCAACAACCCCTTACAGGCACACGCTCACGGTGAGGGACGGCATCAGACGTTTCCACGAATATACGA
   R  Y  H  D  N  L  E  Q  L  D  S  R  V  L  G  E  Y  T  N  N  P  L  Q  A  H  A  H  G  E  G  R  H  Q  T  F  P  R  I  Y  D
         490       500       510       520       530       540       550       560       570       580       590       600
  TCCACAGCTGACAACGAGTGAAGGGAATCTCCCGGCTCATGTTTACAGTAGAACTGCCTTTTCATATTCAAACGCGACCACTGGACATTATGGTAGCGTCGAATCTGAATTCTCCGCCCT
   P  Q  L  T  T  S  E  G  N  L  P  A  H  V  Y  S  R  T  A  F  S  Y  S  N  A  T  T  G  H  Y  G  S  V  E  S  E  F  S  A  L
         610       620       630       640       650       660       670       680       690       700       710       720
  GCCGAAGCAACTGGACACTCAATCGTCCCTTCGTCACGGAGGACAAAAATATAACGGTAATTACCGGCCACAGTTAACTAACTTAGACTCACCTCCACCGTGTGCTGAAAGTGCTGGCCA
   P  K  Q  L  D  T  Q  S  S  L  R  H  G  G  Q  K  Y  N  G  N  Y  R  P  Q  L  T  N  L  D  S  P  P  P  C  A  E  S  A  G  Q
         730       740       750       760       770       780       790       800       810       820       830       840
  GACAGCGGAACAACAACAACAACACCGGACGGGTGTCGATACCGTGAATGGGTTGACCACCGTCACTAACGATCGATCGACAACGGATCGCAATGCCAGCTTATCACCCGTGTCCGGGGG
   T  A  E  Q  Q  Q  Q  H  R  T  G  V  D  T  V  N  G  L  T  T  V  T  N  D  R  S  T  T  D  R  N  A  S  L  S  P  V  S  G  G
         850       860       870       880       890       900       910       920       930       940       950       960
  TAAAGACTCGACCAACACGAACGGTCAAGCAACGAATGAACCGGGGATGTACAAATGGATGAAAATTAAACGAAATCCACCAAAAACTCTTTCGAAATGTGGTGAGAACGGAGGCAGTAA
   K  D  S  T  N  T  N  G  Q  A  T  N  E  P  G  M  Y  K  W  M  K  I  K  R  N  P  P  K  T  L  S  K  C  G  E  N  G  G  S  N
         970       980       990      1000      1010      1020      1030      1040      1050      1060      1070      1080
  CCAGGTGAATGGAACCAATGGGACTGGCCGCACAAATTTTACAAACAAACAGCTGACAGAACTAGAGAAAGAGTTTCACTTCAACAAATATCTTACACGAGCACGGAGGGTGGAGATAGC
   Q  V  N  G  T  N  G  T  G  R  T  N  F  T  N  K  Q  L  T  E  L  E  K  E  F  H  F  N  K  Y  L  T  R  A  R  R  V  E  I  A
        1090      1100      1110      1120      1130      1140      1150      1160      1170      1180      1190      1200
  CGCCATGTTGGAACTTAATGAGACCCAGGTTAAAATATGGTTTCAAAACCGGAGAATGAAGGAGAAGAAGAAATTAAAAGAATGTGTGCCGTCATTCCACAGTGCTTCACATCATCCATC
   A  M  L  E  L  N  E  T  Q  V  K  I  W  F  Q  N  R  R  M  K  E  K  K  K  L  K  E  C  V  P  S  F  H  S  A  S  H  H  P  S
        1210      1220      1230      1240      1250      1260      1270      1280      1290      1300      1310      1320
  CTTTCCCCATGGTTTACCCCTCGCGGTGGGGATGGGGTCATACATTCCACATCCTGGGCCAGGTCAACAATACGGAACCAGTATGAGCGCCCTGGGTTTATCTAGGTCACCCGACCAAGA
   F  P  H  G  L  P  L  A  V  G  M  G  S  Y  I  P  H  P  G  P  G  Q  Q  Y  G  T  S  M  S  A  L  G  L  S  R  S  P  D  Q  D
        1330      1340      1350      1360      1370      1380      1390      1400      1410      1420      1430      1440
  TTTGAAATCACACGTTGCATATTGCTCTGACCGTCATAACCAGGAGACAATGTTATTAACCAATGGAACAACATAGAAAGAAGAAAAAGCCATGTTATTATACAAACAGCGGTTCAGAAT
   L  K  S  H  V  A  Y  C  S  D  R  H  N  Q  E  T  M  L  L  T  N  G  T  T  *
        1450      1460      1470      1480      1490      1500      1510    
  ACTTTCAGCGATAGCTATTGGCTGCTGAGAGGCATTAGATAGACGGATCGACAAATGAGATTACTCGAGATATAG
 
Fig. 6 (B)
AjHox5
Sequence size : 1708
Sequence Position : 1 - 1708
Translation Position : 342 - 1340 
          10        20        30        40        50        60        70        80        90       100       110       120
  GTCGGCACACGCCTGTTGTGAACTACGTATCAATCCGACCGCTATCATTGGACAAAAGGTGTCATGTGACGCCTTAGTGTAAGATTGATATCAGTTGGCTTCAACTAATTGTTACGCTTC
         130       140       150       160       170       180       190       200       210       220       230       240
  TTGGTTTGGAATTTGAATAGGAGAGACGATTTTGGGGGAAAGAGGCAAAATACGAGTTTTGATAGCAATTTGGGCTTGTTTTTGTGACCAAGTGACCAGTATTGACACGTAGTGACGAAA
         250       260       270       280       290       300       310       320       330       340       350       360
  GAGGGGATAAAAGAAGGGGAAAAAAGCACAGCTGGGCTTTCGCGATATTCTTTTGGGATATCTAAAAAAAACTTAGAGAGAGAGAAAAAAAAGTCGCCATTATGACCTCCTACTACGCGC
                                                                                                       M  T  S  Y  Y  A  Q
         370       380       390       400       410       420       430       440       450       460       470       480
  AATCAGTGACCACTGCCGAATTCCCTTTGTCCGGAGGAGCCAGCTCAAATTACAGTCACCCACAACAGCACCGTGGCATGTCCCGGTTCCGCCCTGCTACACCCTGTTACGCAGGAGTAG
    S  V  T  T  A  E  F  P  L  S  G  G  A  S  S  N  Y  S  H  P  Q  Q  H  R  G  M  S  R  F  R  P  A  T  P  C  Y  A  G  V  E
         490       500       510       520       530       540       550       560       570       580       590       600
  AGTTAGAGGACAACAGCCATCAACCCCGCCAGGCATCACCCTTTCGTGCTGCTTCGGTGTCCAACCCAAATAGCGAGGGTGGTAGTAGTCTGTTTCATTATTCCGAGTACCCAGAGCATA
    L  E  D  N  S  H  Q  P  R  Q  A  S  P  F  R  A  A  S  V  S  N  P  N  S  E  G  G  S  S  L  F  H  Y  S  E  Y  P  E  H  T
         610       620       630       640       650       660       670       680       690       700       710       720
  CTGGTTCCCCTCCTATGCAAACTAACGGTTATTACCATCAGGTGGAATTGAACCGAATGTCAAATGTAGGGCCCGAGGGACAGTTACTGATGGACCCGACACGCAGCAGCATGGACCAAA
    G  S  P  P  M  Q  T  N  G  Y  Y  H  Q  V  E  L  N  R  M  S  N  V  G  P  E  G  Q  L  L  M  D  P  T  R  S  S  M  D  Q  T
         730       740       750       760       770       780       790       800       810       820       830       840
  CTTTGCAACAACAGTGTTCATATACGAATAACCAGCAAGTCTCCACTAAATGTTACAAGTACAGTGCGGGCCAACAGGGTGGAGGAACCACCATGGGGTACGGTCGCGAGGCAGCGATGC
    L  Q  Q  Q  C  S  Y  T  N  N  Q  Q  V  S  T  K  C  Y  K  Y  S  A  G  Q  Q  G  G  G  T  T  M  G  Y  G  R  E  A  A  M  L
         850       860       870       880       890       900       910       920       930       940       950       960
  TACAGAGGGCCATGGTCCCGTCGAATGGAGCCACGGGTAATGTCTCTGTCGACTGTTTGACCATGAAAAGCCAACATTCATCCAACCGACCAGAACAGATTTATCCATGGATGCGACGAA
    Q  R  A  M  V  P  S  N  G  A  T  G  N  V  S  V  D  C  L  T  M  K  S  Q  H  S  S  N  R  P  E  Q  I  Y  P  W  M  R  R  I
         970       980       990      1000      1010      1020      1030      1040      1050      1060      1070      1080
  TTCACGCTAATACAGGTCACCATAACAACCAGGAACCAACTAAACGTTCACGAACAGCATATACTAGATATCAGACGCTAGAACTCGAGAAAGAGTTCCATTTCAGTCGATATTTAACTA
    H  A  N  T  G  H  H  N  N  Q  E  P  T  K  R  S  R  T  A  Y  T  R  Y  Q  T  L  E  L  E  K  E  F  H  F  S  R  Y  L  T  R
        1090      1100      1110      1120      1130      1140      1150      1160      1170      1180      1190      1200
  GAAGACGTCGAATTGAGATCGCTCACGCTCTGGGTCTTACTGAAAGGCAAATTAAAATCTGGTTCCAGAATCGAAGAATGAAATGGAAGAAAGAGAACAACGTGAAAAGCATTTCTCAAT
    R  R  R  I  E  I  A  H  A  L  G  L  T  E  R  Q  I  K  I  W  F  Q  N  R  R  M  K  W  K  K  E  N  N  V  K  S  I  S  Q  L
        1210      1220      1230      1240      1250      1260      1270      1280      1290      1300      1310      1320
  TGGTCAGCCAAGAAGCAGCGGCCACTCTGGCCGCATCGAGGTCGCGAAGTCCGCTCAGTTCAACCGCCACCACACCGTCTACTCCCGAAGAAAAGTTCTCGTCGTCTACGGCTGGATCAA
    V  S  Q  E  A  A  A  T  L  A  A  S  R  S  R  S  P  L  S  S  T  A  T  T  P  S  T  P  E  E  K  F  S  S  S  T  A  G  S  K
        1330      1340      1350      1360      1370      1380      1390      1400      1410      1420      1430      1440
  AACTTGAGATAAAGGAGTGAAGCACATGCAGTGGTTTTATAACTCTATAATTATTATACTTCGAAGCGGATCAAAGAAGAACGAGTTCAGAGAGAAAACGTTGAAATGTCAAAGCGAGAG
    L  E  I  K  E  * 
        1450      1460      1470      1480      1490      1500      1510      1520      1530      1540      1550      1560
  AACTCGGCTCGAGTTCAGTCGTATGTTGTCATCATTCTGCTTGGCGGTACATTTCGCTCATTTGGTGGAGAGCCTTGTTTTAACATCGTTTTTGTTGGACTTTCTCTATTACGACCACCA
        1570      1580      1590      1600      1610      1620      1630      1640      1650      1660      1670      1680
  TTCTTGCGGTTTTACTTGCAACGGTTCGTATGACTAACAGATGTTGTGTTAACTCTCTGATCACAAAAAGAAAACCGGAAATATTAATTATAGCGTACTATTCCGGGAAAAAACAGAGCC
        1690      1700        
  CGGTTATTACAAGAGTCAACCAACCATC
Fig. 6 (C)
AjHox7
Sequence size : 1309
Sequence Position : 1 - 1309
Translation Position : 109 - 1068
          10        20        30        40        50        60        70        80        90       100       110       120
  CAGAGATCTGAAACGGATACTCAAAGGTAACAGGGGTTTTCTTTTTGTGTGAACGGGGAGTCATTTGCACCATTATTTTATTTCGCGAATCTGGTTCAGCAATTAAAAATGAATTCCCCG
                                                                                                              M  N  S  P 
         130       140       150       160       170       180       190       200       210       220       230       240
  TATTTTTCGAGTCCGTCGCTTTTCCAAAAATATTCATCGGGAGAGACAATATACCAATGTTCTAATGTATACGAGCCATCGCCGTGCGCTTACAGCAACGAGAAATTCCACAAAGAATCT
  Y  F  S  S  P  S  L  F  Q  K  Y  S  S  G  E  T  I  Y  Q  C  S  N  V  Y  E  P  S  P  C  A  Y  S  N  E  K  F  H  K  E  S 
         250       260       270       280       290       300       310       320       330       340       350       360
  TACCCCAGTCACGCCGCTAGTATGATACCGAACTCTACTGCAGACAGCCAACGGACCACTTCGGTTGGAAGTTACTACGCAACCTCCCCTACAGAAGTGCCTCCAACGATGGACCAGCAT
  Y  P  S  H  A  A  S  M  I  P  N  S  T  A  D  S  Q  R  T  T  S  V  G  S  Y  Y  A  T  S  P  T  E  V  P  P  T  M  D  Q  H 
         370       380       390       400       410       420       430       440       450       460       470       480
  GTCCATCATGGGCATGAAAATATCCCGTATCCACAAAGTGGACATCACGTCACCAGCTGGGAGAACAGGTATCCACCGAGGTCCACCTGGGTACAAGACGTCGACGGGAATTCATCTCTA
  V  H  H  G  H  E  N  I  P  Y  P  Q  S  G  H  H  V  T  S  W  E  N  R  Y  P  P  R  S  T  W  V  Q  D  V  D  G  N  S  S  L 
         490       500       510       520       530       540       550       560       570       580       590       600
  AAGGAATACCATGCCACTAATATTGGGATGTCCTATGCGACGGTAACTGGAACACACCATGACATTAATAACAATGGTAACCCAGCCGGTCTTTATACAATGGTATCACCACGAGTTAAC
  K  E  Y  H  A  T  N  I  G  M  S  Y  A  T  V  T  G  T  H  H  D  I  N  N  N  G  N  P  A  G  L  Y  T  M  V  S  P  R  V  N 
         610       620       630       640       650       660       670       680       690       700       710       720
  CCGGCAGCAGCTTACCCATGGATGCCCCTTTCAGGTGTTCCATCCGGGGTGGAGATGCACGGAAGGAAGAGGTGTAGACAAACCTATACCCGCTATCAGACCATGGAACTAGAAAAGGAA
  P  A  A  A  Y  P  W  M  P  L  S  G  V  P  S  G  V  E  M  H  G  R  K  R  C  R  Q  T  Y  T  R  Y  Q  T  M  E  L  E  K  E 
         730       740       750       760       770       780       790       800       810       820       830       840
  TTTTACTGTAACCGGTATCTTACGAGAAGACGTCGAATCGAACTCTCTCATCTTCTTGGACTTTCCGAAAGACAAATTAAAATCTGGTTTCAAAACAGAAGAATGAAATATAAGAAGGAG
  F  Y  C  N  R  Y  L  T  R  R  R  R  I  E  L  S  H  L  L  G  L  S  E  R  Q  I  K  I  W  F  Q  N  R  R  M  K  Y  K  K  E 
         850       860       870       880       890       900       910       920       930       940       950       960
  AGTAAAGGCAAAGATCCAGTGGAAGGAGTCGATGCAGAGACTCCAGGAGCAGAGAGGCAATCTCCGGAGAATACAACATTATCTCCATCTTCAAATGATACATTATCTCACGAACTGCAA
  S  K  G  K  D  P  V  E  G  V  D  A  E  T  P  G  A  E  R  Q  S  P  E  N  T  T  L  S  P  S  S  N  D  T  L  S  H  E  L  Q 
         970       980       990      1000      1010      1020      1030      1040      1050      1060      1070      1080
  CCTTGTCAAGCACCAAACGACTTGCTAGTTACGTTACTGAGATATTATGTGCTGAAGGATTCCCGTTCACGTGTGATGTATTTCTTTCTTTCTTCGAGAAAAAGGTAATGCTTGTGAATT
  P  C  Q  A  P  N  D  L  L  V  T  L  L  R  Y  Y  V  L  K  D  S  R  S  R  V  M  Y  F  F  L  S  S  R  K  R  *  
        1090      1100      1110      1120      1130      1140      1150      1160      1170      1180      1190      1200
  TTAACCAGAAATGAAATGAAACCTAAACTTTTAAAGAATGGGGAAAGCATTTTGTTGTTTGTAAATTTTGTTAAAAATTTCATTCTGAAAGACTTTTACCCAAACTATTACTTATTAACC
   
        1210      1220      1230      1240      1250      1260      1270      1280      1290      1300        
  ATTAAATATGTTTTTAATATACAATTCGTCTTACTATCAATGTTGTGTTAGAAAAATCTAAAATTTTGTCTTTCCCATTTGAATATAGGTTACGTCTTTCAAATACGAG
Fig. 6 (D)
AjHox8
Sequence size : 1191
Sequence Position : 1 - 1191
Translation Position : 67 - 1032
          10        20        30        40        50        60        70        80        90       100       110       120
  GTCGGATCGTGCTTACCTTAGGGCCATAAAACGAGGCGCTTAACAGGCCACAAATCACCTGTTCAAATGAGTTCGTACTTTTTGAACTCACTATTTACTAAATACCAACCCGGCGAGGCA
                                                                    M  S  S  Y  F  L  N  S  L  F  T  K  Y  Q  P  G  E  A  
         130       140       150       160       170       180       190       200       210       220       230       240
  TGGTTTCCAAGTGGCTTCGAGCCCGTTACAAACACAGGGCGAGGAGGGAAATCAGGCGTCGTTACAGGTGACCCTGGCGGTGGCTGGCGGTACGGTCAGACACTGAATGCAGCCTCGGGA
  W  F  P  S  G  F  E  P  V  T  N  T  G  R  G  G  K  S  G  V  V  T  G  D  P  G  G  G  W  R  Y  G  Q  T  L  N  A  A  S  G 
         250       260       270       280       290       300       310       320       330       340       350       360
  CATTTTGCTACCTATGAGAACACAGCGATGGGCCAGGGTGGTATGACCAATATGGCTAGTACGGCGGCCCTAACAGGCGGTTATGCAGCCTACCCTTCGTGTGCTTTTAACCAAGCTTAT
  H  F  A  T  Y  E  N  T  A  M  G  Q  G  G  M  T  N  M  A  S  T  A  A  L  T  G  G  Y  A  A  Y  P  S  C  A  F  N  Q  A  Y 
         370       380       390       400       410       420       430       440       450       460       470       480
  CCTCAAATGACTTTCCAAACGGGATCTTACCAAGACCAATTCACCGGTTACACGGCGAGTGGATACCCTTCGCACCACGCTGCCCTGCCCAACTCATGGAACGCCAGGGCGGCGGCGGCG
  P  Q  M  T  F  Q  T  G  S  Y  Q  D  Q  F  T  G  Y  T  A  S  G  Y  P  S  H  H  A  A  L  P  N  S  W  N  A  R  A  A  A  A 
         490       500       510       520       530       540       550       560       570       580       590       600
  GCATGTTCTAACCAATTTCATTCGGGAGAATTAGATACCACACATTTCTACGGTTCTTTGATATCGCACGAAATAGCTCAGGAAACAAAAGATTTAAATCATCACCATGGCGTCGCATCG
  A  C  S  N  Q  F  H  S  G  E  L  D  T  T  H  F  Y  G  S  L  I  S  H  E  I  A  Q  E  T  K  D  L  N  H  H  H  G  V  A  S 
         610       620       630       640       650       660       670       680       690       700       710       720
  GAAAGAAAGAAAGACGAAGAGGATAGTGACATTCAGGACGATGAACAAAAACCGGTGTACAAAGGGCCTGTCTTTAATTGGATGAAAATCCCAGGTACACATATCATCGGGACAGACAAA
  E  R  K  K  D  E  E  D  S  D  I  Q  D  D  E  Q  K  P  V  Y  K  G  P  V  F  N  W  M  K  I  P  G  T  H  I  I  G  T  D  K 
         730       740       750       760       770       780       790       800       810       820       830       840
  AAGAGAGGGCGGCAGACATACACGCGATATCAAACATTAGAACTAGAAAAGGAGTTCCATTACAACCGCTATTTAACCCGAAAAAGGAGAATAGAGATAGCACAGGCAGTATGCCTTAGT
  K  R  G  R  Q  T  Y  T  R  Y  Q  T  L  E  L  E  K  E  F  H  Y  N  R  Y  L  T  R  K  R  R  I  E  I  A  Q  A  V  C  L  S 
         850       860       870       880       890       900       910       920       930       940       950       960
  GAGAGACAGATTAAAATATGGTTCCAAAATAGGAGGATGAAATGGAAGAAAGAACAATCGAGAGAGTCTTCCAAAGAGGATGACGACAAAGATGGAGAAGGTAACCATGGTGATGACGTA
  E  R  Q  I  K  I  W  F  Q  N  R  R  M  K  W  K  K  E  Q  S  R  E  S  S  K  E  D  D  D  K  D  G  E  G  N  H  G  D  D  V 
         970       980       990      1000      1010      1020      1030      1040      1050      1060      1070      1080
  TCTACGGACAACGAGAAAGAAAAGGACGAAGATGATGACGATAAATTGTTAGTGGAAAAAGTGGAAAAATGAAAGTGGAAAAAGGAAGGGAAAAAGGGATGCTAGAAATGTCCATACAGA
  S  T  D  N  E  K  E  K  D  E  D  D  D  D  K  L  L  V  E  K  V  E  K  *  
        1090      1100      1110      1120      1130      1140      1150      1160      1170      1180      1190
  TTTTGAGATACATTTATGTATATCAATATTGAATCTGTATGATAACATGTGAGTAATCACATTAACAGGAAATGATGAAATGAGTACAAGGAAATATCGTCAACCCAACCA
Fig. 6 (E)
AjHox9/10
Sequence size : 1789
Sequence Position : 1 - 1789
Translation Position : 224 - 1231 
          10        20        30        40        50        60        70        80        90       100       110       120
  GATTTTCAACAACCAACAGTTAAACGCTGACACAAATTACGACCGCGTGCTGCATCTTGGTTACACCGGAATTTGTCTGTACCGTCCAACTCACATCAGTGTGTTAAACTCTGCAACGCT
  
         130       140       150       160       170       180       190       200       210       220       230       240
  TTTATACCCCCATCTATAGAGGGTCGTATTGTGGACTTTATCACCCGGCAGCCGTATACCGCATCCAAATTACAGCCGTAGAAATATACGACCGGTATTAAAAATGACAAGCCAGGGCTT
                                                                                                         M  T  S  Q  G  F
         250       260       270       280       290       300       310       320       330       340       350       360
  TTGCGTGAATTCTTTGATAAACCCAGTGGAGAATGGTGGAGCAGATATTTCTCGAACTGGAGGAGCTCTTCACCAGACAGATCTCACATCCGAGGCAGGTAGCCAAACGCAAACCTTGAC
   C  V  N  S  L  I  N  P  V  E  N  G  G  A  D  I  S  R  T  G  G  A  L  H  Q  T  D  L  T  S  E  A  G  S  Q  T  Q  T  L  T
         370       380       390       400       410       420       430       440       450       460       470       480
  GAAATGCAATAATTTATTAGAAAGTAAGTACGGTTATTTTCCTGCGGTATCACAAACCCATGGCAACATACCGGGTATAAACAATCTGTTTTCAGCGGAACAGGTCGGCCTGCAGGCAGC
   K  C  N  N  L  L  E  S  K  Y  G  Y  F  P  A  V  S  Q  T  H  G  N  I  P  G  I  N  N  L  F  S  A  E  Q  V  G  L  Q  A  A
         490       500       510       520       530       540       550       560       570       580       590       600
  AAGTCGCTCTAGTATGTATCCTATACCAACGGACCAGACCTCCTATACAAACCATTGGTTTTATGCAGGAGAAAGACCATTTCCTACTATGCCTATTGCTAGTGTTGCCGAGGACTATGA
   S  R  S  S  M  Y  P  I  P  T  D  Q  T  S  Y  T  N  H  W  F  Y  A  G  E  R  P  F  P  T  M  P  I  A  S  V  A  E  D  Y  D
         610       620       630       640       650       660       670       680       690       700       710       720
  TAATGCTGGTAGGGCGTACATGACGCCCCAAAAGGCGTATGGTACCAGTTTTGCAGGGGCCCCTACCGGCTATTTTCCTTTCGGACGTCCACAGACTTTCGCCAACACAGCGTCGAGTGT
   N  A  G  R  A  Y  M  T  P  Q  K  A  Y  G  T  S  F  A  G  A  P  T  G  Y  F  P  F  G  R  P  Q  T  F  A  N  T  A  S  S  V
         730       740       750       760       770       780       790       800       810       820       830       840
  CTATCCGACCGCGTTATTAGCGGCAAGATTCGCTCCAAATGGGAATTTTCCTATGGAAAAAGAGAAATATGAAAATACAGTGACTTCATATACCAACTGTGAGACCACTAATAATAGTTC
   Y  P  T  A  L  L  A  A  R  F  A  P  N  G  N  F  P  M  E  K  E  K  Y  E  N  T  V  T  S  Y  T  N  C  E  T  T  N  N  S  S
         850       860       870       880       890       900       910       920       930       940       950       960
  AGTACTTGAAACAAAACAATTGGAAGCTTCAAAGGATGACGGAGATTTTAGGGAAAATTCTAGCGGGACCACACAAGTTGAAAGTAATACACAAACAAAGGCTTTATCAGAGGAGGAACC
   V  L  E  T  K  Q  L  E  A  S  K  D  D  G  D  F  R  E  N  S  S  G  T  T  Q  V  E  S  N  T  Q  T  K  A  L  S  E  E  E  P
         970       980       990      1000      1010      1020      1030      1040      1050      1060      1070      1080
  TTCACAAGATTTAAAAAAGGATGACGAAAAATCCAAGAACGAAGCTCCATCTTGGCTCTCTGCAACATCAGGTCGGAAGAAAAGATGTCCATATACAAAATACCAAACCCTCGAACTGGA
   S  Q  D  L  K  K  D  D  E  K  S  K  N  E  A  P  S  W  L  S  A  T  S  G  R  K  K  R  C  P  Y  T  K  Y  Q  T  L  E  L  E
        1090      1100      1110      1120      1130      1140      1150      1160      1170      1180      1190      1200
  AAAAGAATTTCTTTTTAACATGTATTTAACTCGAGACCGCAGGGTAGAAATAGCCAGGTTATTGAACCTGACAGAAAGACAGGTTAAGATATGGTTTCAAAATCGACGAATGAAAATGAA
   K  E  F  L  F  N  M  Y  L  T  R  D  R  R  V  E  I  A  R  L  L  N  L  T  E  R  Q  V  K  I  W  F  Q  N  R  R  M  K  M  K
        1210      1220      1230      1240      1250      1260      1270      1280      1290      1300      1310      1320
  GAAGATGAACCGAGCCGGGACGATGGTGTAGTCTGCTACCCGTGACGATCCCGTCAACTTGTGTTGGTGATAAGTGCTGAAGCTACCCTATACGGTGTTGTGTATGTGTTACATAACACG
   K  M  N  R  A  G  T  M  V  * 
        1330      1340      1350      1360      1370      1380      1390      1400      1410      1420      1430      1440
  ACCGGGGAGTTTCTAACCCTTGGAAAGTTCCAGTCATGGTGATGACGGTGTATAACAAACCGATGGAACTGAAACCGGTAATCGTGGCTTGGGAAACGGTATAACCGAAACGTCTAATGT
 
        1450      1460      1470      1480      1490      1500      1510      1520      1530      1540      1550      1560
  TTTACATCCTGATGAGAATATCGCTATGTTTAGCGATATTAAACGGTGTCATCACAACTAACGTATTATGATCAATTTCGTATCTGGATCGTTGATGTGACGTCGAAGAACGTACTTCAT
        1570      1580      1590      1600      1610      1620      1630      1640      1650      1660      1670      1680
  ACGTCACAATCCACATTTGCATACATTATCTTTTGTCAACATTGATGGCAATGCGGTTTTTTCTGATGACGATCCTAAAATAATCAATCCTTGGTCTGTTGCTCTAAGATGCCATGGTTA
        1690      1700      1710      1720      1730      1740      1750      1760      1770      1780        
  CTAGTGACAATGACATAGGAAAGATAAGTTCATTCGATAAATCACCTTGTCCTTTTGCCTATTTATTTAAAAGCGGTATATGTACAATGTTATTTACACGCTAACTTTG
Fig. 6 (F)
AjHox11/13a
Sequence size : 1394
Sequence Position : 1 - 1394
Translation Position : 92 - 1096
          10        20        30        40        50        60        70        80        90       100       110       120
  GCCTGTCAAAAGACTCGAGCAAAAGGTTTACGGTTAAACTTCCACGGAGTTACTAATCGACCGTAAAAAATATTTTTTTTATTTTTACAATATGCAGTTCGAAAGCCGTGGAATGGACAA
                                                                                             M  Q  F  E  S  R  G  M  D  N
         130       140       150       160       170       180       190       200       210       220       230       240
  TACGCACTTAACACCGAGTTTGCATCAACAACACGGACAGACATTCCATGACGGGGCGCAACCCCGACCGTTCGCTGGACCATTTTACGAGACAATGACAGGCCCTGGAAACCACCCACC
   T  H  L  T  P  S  L  H  Q  Q  H  G  Q  T  F  H  D  G  A  Q  P  R  P  F  A  G  P  F  Y  E  T  M  T  G  P  G  N  H  P  P
         250       260       270       280       290       300       310       320       330       340       350       360
  GTCATCTTTCGCGTTCTCTCACCATAGCGGCGGTAACTACATGCATGGTTTTATGGGTGGATTTCCTTATCAGAGCCCGACCGTACCACCTCCCCCACCTCCCGTGCCCGTGCACAATTA
   S  S  F  A  F  S  H  H  S  G  G  N  Y  M  H  G  F  M  G  G  F  P  Y  Q  S  P  T  V  P  P  P  P  P  P  V  P  V  H  N  Y
         370       380       390       400       410       420       430       440       450       460       470       480
  CGGTGGCGGCGGTGCAGGGCATGGCGCAATCGGTCCCGGCCCGGTCCCACCATCCGAGGCTGGCAGTTCTCCTTGGACGCCAGGTAACCATCATACTAGCGCTGAACCATCCGGAAATTA
   G  G  G  G  A  G  H  G  A  I  G  P  G  P  V  P  P  S  E  A  G  S  S  P  W  T  P  G  N  H  H  T  S  A  E  P  S  G  N  Y
         490       500       510       520       530       540       550       560       570       580       590       600
  CTACACAGAGGCGGCAATGGGGGCATCTGCCGCCGTAGACCTTACAAGACAGACGCCAGAGTTTAGGGACCCAACGCCGAACGAGTCTGAACATACCCCGAAATCTCAATCTTCAACGGA
   Y  T  E  A  A  M  G  A  S  A  A  V  D  L  T  R  Q  T  P  E  F  R  D  P  T  P  N  E  S  E  H  T  P  K  S  Q  S  S  T  D
         610       620       630       640       650       660       670       680       690       700       710       720
  TAATCCAGATTCGAATCAAAACCAAACCAGCACATCACAACAACAACAACAACAGCAAACAACAACAGCAAGTACTGGCAACAGCGAAAGTAGCAGTGGAGGTTCATATAGTTGGATGTC
   N  P  D  S  N  Q  N  Q  T  S  T  S  Q  Q  Q  Q  Q  Q  Q  T  T  T  A  S  T  G  N  S  E  S  S  S  G  G  S  Y  S  W  M  S
         730       740       750       760       770       780       790       800       810       820       830       840
  ACCTTCACAAAACACCGTACGGACTCGAAAAAAGCGAAAACCGTACACCAAATACCAAACTTTCGAACTAGAAAAGGAATTCCTTTACAACATGTACCTCACCAGAGATCGTCGATCCCA
   P  S  Q  N  T  V  R  T  R  K  K  R  K  P  Y  T  K  Y  Q  T  F  E  L  E  K  E  F  L  Y  N  M  Y  L  T  R  D  R  R  S  H
         850       860       870       880       890       900       910       920       930       940       950       960
  CATATCGAGGGCGCTGTCTTTAACTGAGAGGCAAGTCAAAATCTGGTTTCAAAACAGGAGGATGAAATTAAAGAAGATGCGGATACGACAAGAGAGCGAGAGGAAGAAAAGAGAGATGAA
   I  S  R  A  L  S  L  T  E  R  Q  V  K  I  W  F  Q  N  R  R  M  K  L  K  K  M  R  I  R  Q  E  S  E  R  K  K  R  E  M  K
         970       980       990      1000      1010      1020      1030      1040      1050      1060      1070      1080
  AGCGGAAGAGATGAAGATGAAAGAAATGAACGGTATCATGATTAAATCGGAAGCGATGTATCCCTCTCATCATCATTTCGGTCCACAGGTTATCGTGGCTAATCATCATATGAAGTTTCC
   A  E  E  M  K  M  K  E  M  N  G  I  M  I  K  S  E  A  M  Y  P  S  H  H  H  F  G  P  Q  V  I  V  A  N  H  H  M  K  F  P
        1090      1100      1110      1120      1130      1140      1150      1160      1170      1180      1190      1200
  ATTAGTGCCCACATGACGCCAGATGAACGGCAACTACTATTAACACAGTTAGTTGACTTCAGTGATGATGTTATCGGTTTTTCGGTAATCGATTTCTTACAAAAATCTTTCGGACGATTC
   L  V  P  T  *  
        1210      1220      1230      1240      1250      1260      1270      1280      1290      1300      1310      1320
  TTTTTGGAAATTTGCAGTATTTTGGGGCAAGTGTTAGAAAAGAGGATTCAATCAGTGATGAAGAGTATTTTGAAGACACTAAAATCAATCGACGCACCGTTTTATCGACTTTCTGAGGTA
  
        1330      1340      1350      1360      1370      1380      1390   
  TACACAATGCAGTTTATAGCCTATGAATCTCCACCACACGATCGGTTAATTTTAGAAGCGAAACAAGCGGTAAC
Fig. 6 (G)
AjHox11/13b
Sequence size : 1324
Sequence Position : 1 - 1324
Translation Position : 166 - 1002
          10        20        30        40        50        60        70        80        90       100       110       120
  GTACAGTGTGATCGTGTTGTTATTGTTGAAGCGTGTAATTTTTTTATTCTCTTGCGTTTCTTTGCACATGGTTATTGGGATCGAGAGATTACTGGCTAATTTTTTTTCTTCCATTGTGGA
 
         130       140       150       160       170       180       190       200       210       220       230       240
  ATTATATAGTGTGGACCAATTTTTTTTTGGTAAAAGGAAGTGGATATGATGATGCAAATAGGATCCGAGCAGACGAACTGGCAAGCACAGAGAACCAACAACATGGTGAATTCCACAGAG
                                               M  M  M  Q  I  G  S  E  Q  T  N  W  Q  A  Q  R  T  N  N  M  V  N  S  T  E 
         250       260       270       280       290       300       310       320       330       340       350       360
  AGTTGTGCGTCGGAGTATAGGGGATTATCGTCCTCCGCTCCCAACGGGTACTATGGATCGGGACATGGCCGTTCTCAAAGAGGCCCCTATAATTCCTCGTCTTACGTAGGCTTAAATGGG
  S  C  A  S  E  Y  R  G  L  S  S  S  A  P  N  G  Y  Y  G  S  G  H  G  R  S  Q  R  G  P  Y  N  S  S  S  Y  V  G  L  N  G 
         370       380       390       400       410       420       430       440       450       460       470       480
  GGCTATAACGACTCTAATAATTCCCTCCATTACTCTCATTTCTATGGGCCAAACGAGCCGGTCTCCACATCAGCCAGTCCCGAGGAGATACCCAACAGCCATAGCCCTATCAGCTATACC
  G  Y  N  D  S  N  N  S  L  H  Y  S  H  F  Y  G  P  N  E  P  V  S  T  S  A  S  P  E  E  I  P  N  S  H  S  P  I  S  Y  T 
         490       500       510       520       530       540       550       560       570       580       590       600
  TCTAACGCATGGAACGGCAACGACCACAGACAGTCGATGGCGTACGCCACGACGCCCCGCCATTACCCCCACGCCTTCAACAACTCAGCAGCTTTTTTACCGTCGACGGGTTCAACGCCT
  S  N  A  W  N  G  N  D  H  R  Q  S  M  A  Y  A  T  T  P  R  H  Y  P  H  A  F  N  N  S  A  A  F  L  P  S  T  G  S  T  P 
         610       620       630       640       650       660       670       680       690       700       710       720
  CACACCCACCCGGCTCATCATCAACAACAATACTTTACCAGTGGGGGTTGCTCGGCAGGTTATATGAATAGCCCCTTCCCGCTGGATATGTCCGGAGGAACCTCGTCGTGTAGTCTACTA
  H  T  H  P  A  H  H  Q  Q  Q  Y  F  T  S  G  G  C  S  A  G  Y  M  N  S  P  F  P  L  D  M  S  G  G  T  S  S  C  S  L  L 
         730       740       750       760       770       780       790       800       810       820       830       840
  GCAACTTTCACCACAACACCTAGAAGGACAAAAAGAAGACCTTACTCAAAACTTCAAATATACGAACTTGAGAAAGAATTTCAACATAATATGTATTTAACGAGAGACAGGAGAGCAAAA
  A  T  F  T  T  T  P  R  R  T  K  R  R  P  Y  S  K  L  Q  I  Y  E  L  E  K  E  F  Q  H  N  M  Y  L  T  R  D  R  R  A  K 
         850       860       870       880       890       900       910       920       930       940       950       960
  CTTTCACAAACCTTGAGTCTTACTGAGAGGCAGGTCAAAATATGGTTTCAAAACAGGAGGATGAAATTGAAAAAGATCAACGAAAGGGAACGTAGCAAACAGAGGAAGCAAGGGCAAGGG
  L  S  Q  T  L  S  L  T  E  R  Q  V  K  I  W  F  Q  N  R  R  M  K  L  K  K  I  N  E  R  E  R  S  K  Q  R  K  Q  G  Q  G 
         970       980       990      1000      1010      1020      1030      1040      1050      1060      1070      1080
  CAAACTCAAGATTCGGTGAAACCAGACAAAATAATTGGTTGACAAAATGGAGCAACAACAAAACACTATGGAGGAAGAACATATAGAAATGTAATAGACCATTGATGCTTTGAGGCCGTC
  Q  T  Q  D  S  V  K  P  D  K  I  I  G  *  
        1090      1100      1110      1120      1130      1140      1150      1160      1170      1180      1190      1200
  TCGTAGACTTGCTAGAAGTCTTAGCAAGTTTAGAATGGTTTAACACAAGAAATAGAAGCAGACGGAACTATAAGAAGCCAAACGGGTAGCTCGAGGAAAGGAGAGAGAAGAACGTCGCAA
  
        1210      1220      1230      1240      1250      1260      1270      1280      1290      1300      1310      1320
  CACATCGGTCAAGAGATGGTTGGTGGCGGTGGACTGGAGAGGAGATGAATAGTGATGTATAAGGATTATATCAATGTATCGAAATCTATATAGATGTCAATGTAACACACTGTGGAGGCC
   
    
  TAGT                                                        
  
Fig. 6 (H)
AjHox11/13c
Sequence size    : 1418
Sequence Position: 1 - 1418
Translation Position : 549 - 1418
          10        20        30        40        50        60        70        80        90       100       110       120
  GTAGTATAGTAGCAATGGTCAAACTTGCCTCTGCACGGTGTCCGTCGTACCTGGCTAGGTTTATATAGCTTCCAGAGAGCTCGGACTATAGTAAGCGATACAAATTGTTGTCTTAGAGTG
         130       140       150       160       170       180       190       200       210       220       230       240
  GCTCTTTTTTTTCCTTCTTCTGTTTTACCGATTTACCGAAGACGCAATAAATCCTCACATATATTGACCGTTAAATGACGTGCACGTTAGACCCTGGCACCTAGCAGCAGAGAAATATAC
         250       260       270       280       290       300       310       320       330       340       350       360
  TGGGTCTGACACAGGACGTGGTGCCCAGCCCGGCCTTTCTTATACATCTATACCACCTACCAAAGGACCAACACGGTACTATTTCGCTCATAAAAAGCTGTTAGGGGGCGGAAGAAAAGG
         370       380       390       400       410       420       430       440       450       460       470       480
  TGACATAACATTTTTCGTCAACACGGACTCGTGCCTACCGGCTTCTTGTTCTTCAATTTTTTTTTTTACAATCTGCCTCAATCGTCTTCACCTGTGTGCATTCGAGCTTGGCTCTGTCGC
         490       500       510       520       530       540       550       560       570       580       590       600
  ATAACGTGCGTGTTTAGTGGCAATAAATAGTGTTTAGGGCCTACACACACACGGCAGTCTCTGCAAGTATGGATGGCAACTTATCGGGGTTTAGGAATGAGGCTTGCCGCATTTCTTCAG
                                                                      M  D  G  N  L  S  G  F  R  N  E  A  C  R  I  S  S  G
         610       620       630       640       650       660       670       680       690       700       710       720
  GATGTTCGGGAGGTTTACCCAGTGGATTAAGAGGACCTTTCATGCAGGTACCGACGGAGGGCGAACGTTTGCTTCAAGGGAACGGGGACAACGGATCTCTCCTTCATAAACAATCCCCCA
    C  S  G  G  L  P  S  G  L  R  G  P  F  M  Q  V  P  T  E  G  E  R  L  L  Q  G  N  G  D  N  G  S  L  L  H  K  Q  S  P  T
         730       740       750       760       770       780       790       800       810       820       830       840
  CAGGACATTTCTCTCGGCCTGACTGCCGTTTCATACAGCCGACAGGGCCAACCTCTAGTCCAGTTGGAAACGAGTCCACACCGCTGACCGGATTCTGTGTGGACCAAACCAAATCTATGA
    G  H  F  S  R  P  D  C  R  F  I  Q  P  T  G  P  T  S  S  P  V  G  N  E  S  T  P  L  T  G  F  C  V  D  Q  T  K  S  M  R
         850       860       870       880       890       900       910       920       930       940       950       960
  GATCGAATCAAACTGGGTCTCTCCACTGTCCCTCCGTGGAATTAACGCCCAACCCTTATCAAGACGCCGCCCACAGGATGGGCCTCACTACTACAGGGCACCAGATGCGTTATCCTGGCT
    S  N  Q  T  G  S  L  H  C  P  S  V  E  L  T  P  N  P  Y  Q  D  A  A  H  R  M  G  L  T  T  T  G  H  Q  M  R  Y  P  G  S
         970       980       990      1000      1010      1020      1030      1040      1050      1060      1070      1080
  CCCCGGCACAAATGTACAACGCCGCGGCAGCGGCCGGCCAAACGGCGAGCCAATACGCGCCGCATCTCTCCTACATAAACTATCCATCTTATGCCAATCCCGCAGCAGGTTATCCATTTG
    P  A  Q  M  Y  N  A  A  A  A  A  G  Q  T  A  S  Q  Y  A  P  H  L  S  Y  I  N  Y  P  S  Y  A  N  P  A  A  G  Y  P  F  G
        1090      1100      1110      1120      1130      1140      1150      1160      1170      1180      1190      1200
  GAATGGCGGATCCTCATGCTCCTGGTTGGATGTTCACACTTGCAGCGTTTCCACGTAGGACTAAACGAAGACCATATTCCAAGCTTCAGATCTTTGAACTAGAAAAGGAATTCAAGGCTC
    M  A  D  P  H  A  P  G  W  M  F  T  L  A  A  F  P  R  R  T  K  R  R  P  Y  S  K  L  Q  I  F  E  L  E  K  E  F  K  A  Q
        1210      1220      1230      1240      1250      1260      1270      1280      1290      1300      1310      1320
  AACAGTATTTGACAAGGGATCGGAGAGCACGACTGTCGCAATCATTAAGTTTATCTGAGAGGCAGGTCAAAATATGGTTTCAAAATAGAAGGATGAAACAGAAGAAATTAGACGAACGAG
    Q  Y  L  T  R  D  R  R  A  R  L  S  Q  S  L  S  L  S  E  R  Q  V  K  I  W  F  Q  N  R  R  M  K  Q  K  K  L  D  E  R  E
        1330      1340      1350      1360      1370      1380      1390      1400      1410       
  AGAGGCAAAAAGCCAACAGCAGCAGTAAGAAAGGACCAGCTTCTTCCTCTTCCGGCGACGATCATGAAATCAAGGAAAGAGAAGATACCATTCGATGA
    R  Q  K  A  N  S  S  S  K  K  G  P  A  S  S  S  S  G  D  D  H  E  I  K  E  R  E  D  T  I  R  * 
Fig. 6 
The nucleotide sequences of eight AjHox genes cDNA which encompass 
entire coding regions (AjHox1, AjHox5, AjHox7, AjHox8, AjHox9/10, 
AjHox11/13a, AjHox11/13b, AjHox11/13c). The deduced amino acid 
sequences are shown below the nucleotide sequences. The homeodomains 
are indicated by red letters. Orange-colored sequences indicate forward 
primers and blue-colored reverse primers used in RT-PCR. Underlined 
sequences indicate the regions used in riboprobe synthesis. 
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Fig. 7 
Neighbor-joining tree constructed from the homeodomain sequences of the 
Hox protein, using tree engrailed genes as outgroups. Bootstrap values more 
than 50% over 1,000 replications are shown on the respective nodes. Hox 
orthology groups are shown at the right side of the vertical bars. Scale bar 
indicates 0.3 amino acid substitutions per position in the sequence. 
Taxonomic abbreviations are as follows: Aj, Apostichopus japonicus; Bf, 
Branchiostoma floridae; Ci, Ciona intestinalis; Dm, Drosophila 
melanogaster; Mm, Mus musculus; Mr, Metacrinus rotundus; Pf, 
Ptychodera flava; Sp, Strongylocentrotus purpuratus 
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Fig. 8 
Neighbor-joining tree constructed from the homeodomain sequences of the 
Hox protein, using AjHox1 as outgroup. Bootstrap values more than 50% 
over 1,000 replications are shown on the respective nodes. (A) NJ tree based 
on homeodomain sequences of hemichordate and echinoderms medial Hox 
genes indicates orthologus relationship of three medial AjHox genes to Hox5, 
Hox7 and Hox8 respectively. (B) NJ tree based on homeodomain sequences 
of posterior Hox genes from echinoderms and hemichordates, and Hox9/10 
from chordate. This tree shows the orthologus relationship of four posterior 
AjHox genes to Hox9/10, Hox11/13a, Hox11/13b and Hox11/13c respectively. 
Taxonomic abbreviations are as in Fig. 7. 
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Fig. 9 
Temporal expression patterns of eight AjHox genes analyzed by RT-PCR. 
RT-PCR was performed for larvae at nine developmental stages, from 
blastula to pentactula. 18S rRNA gene was amplified as an internal control. 
B, blastula (12 h pf); H, hatching embryo (20 h pf); G, gastrula (24 h pf); LG, 
late gastrula (34 h pf); EA, early auricularia (2 days pf); MA, mid 
auricularia (3 days pf); LA, late auricularia (7 days pf); D, doliolaria (20 
days pf); P, pentactula (40 days pf) 
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Fig. 10 
Spatial expression patterns of AjHox genes at early developmental stages 
analyzed by whole-mount in situ hybridization. The anterior (animal) ends 
are arranged at the top. (A) Expression pattern of AjHox11/13b at blastula 
stage. AjHox11/13b was expressed in the form of a ring at the vegetal 
hemisphere surrounding the animal-vegetal axis. (B, C) AjHox1 expression 
at gastrula stage viewed from the dorsal side (B) and the left lateral side (C). 
The signal is observed in vegetal aboral ectoderm (black arrowhead) and in 
some mesenchyme cells located at the dorsal left side of the archenteron 
(black arrow). (D, E) AjHox7 expression at gastrula stage viewed from the 
dorsal side (D) and the left lateral side (E). AjHox7 is expressed in the 
aboral-most ectoderm of the vegetal half of the embryo. (F) AjHox8 
expression at gastrula stage viewed from left lateral side. The expression is 
observed at the tip of the archenteron (black arrowhead) and in a ring 
surrounding the blastopore (black arrow). (G) AjHox11/13b expression at 
gastrula stage viewed from the ventral side. AjHox11/13b is expressed in a 
ring surrounding the blastopore. (H, I) The illustrations which summarize 
the expression patterns of AjHox genes at gastrula stage viewed from the 
ventral side (H) and the left lateral side (I). (J, K) AjHox7 expression at late 
gastrula stage viewed from the dorsal side (J) and the left lateral side (K). 
The area expressing AjHox7 expands toward oral side at the vegetal 
ectoderm (black arrowhead) and into the dorsal side of the archenteron 
(black arrow). (L) AjHox8 expression at late gastrula stage viewed from left 
lateral side. AjHox8 is expressed in a ring surrounding the archenteron near 
the blastopore. (M) AjHox11/13a expression at late gastrula stage viewed 
from the left lateral side. The expression is detected around the blastopore. 
(N) AjHox11/13b expression at late gastrula stage viewed from the left 
lateral side. AjHox11/13b is expressed in the region surrounding the 
blastopore. (T, U) The illustrations summarize the expression patterns of 
AjHox genes at late gastrula stage viewed from ventral side (T) and left 
lateral side (U). (O) AjHox1 expression at early auricularia stage. The 
expression is observed at the bottom of the esophagus (black arrowhead). (P) 
AjHox7 expression at early auricularia stage. The area expressing AjHox7 is 
restricted to anterior-most intestine adjacent to the stomach. (Q) AjHox8 
expression at early auricularia stage. AjHox8 is expressed at the middle 
part of the intestine posterior to the region expressing AjHox7. (R) 
AjHox11/13a expression at early auricularia stage. AjHox11/13a is 
expressed at the middle part of the intestine posterior to the region 
expressing AjHox7. (S) AjHox11/13b expression at early auricularia stage. 
The signal is detected at the posterior-most intestine and the anus. (V) The 
illustration which shows the expression patterns of AjHox genes at early 
auricularia stage viewed from left lateral side. The abbreviations are as 
follows: ar, archenteron; an, anus; bp, blastopore; hp, hydropore; m, mouth; 
mc, mesenchyme cell. The scale bar represents 100 µm. 
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Fig. 11 
Spatial expression patterns of AjHox genes at mid auricularia and late 
auricularia stages analyzed by whole-mount in situ hybridization. The 
specimens are arranged with the anterior end at the top. (A-D) The 
expression patterns of AjHox7, AjHox9/10, AjHox11/13b and AjHox11/13c at 
mid auricularia viewed from left lateral side. (A) AjHox7 is expressed in the 
entire stomach. (B) AjHox9/10 expression is detected at the inner part of the 
developing hydrocoel (black arrowhead). (C) AjHox11/13b is expressed in the 
stomach and anus (black arrowhead). (D) AjHox11/13c expression is 
detected in the stomach. (E) The illustration which summarizes the 
expression patterns of AjHox genes at mid auricularia viewed from the left 
lateral side. (F) AjHox7 expression at late auricularia stage viewed from the 
ventral side. The expression is restricted to the posterior-most region of the 
stomach (black arrowhead). (G, H) AjHox11/13a expression at late 
auricularia stage viewed from ventral side. (G) The signal is detected at the 
posterior-most region of the left somatocoel. (H) Close-up on the hydrocoel of 
the same specimen in G. (I) AjHox11/13b expression at late auricularia 
stage viewed from the left lateral side. The region expressing AjHox11/13b 
is restricted at the anus (black arrowhead). (J) The illustration which 
summarizes the expression patterns of AjHox genes at late auricularia 
viewed from the ventral side. The abbreviations are as follows: an, anus; hc, 
hydrocoel; in, intestine; ls, left somatocoel; m, mouth; rs, right somatocoel; st, 
stomach. The scale bars represent 50 µm in H and 100 µm in other pictures. 
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Fig. 12 
Spatial expression patterns of AjHox genes at doliolaria stages revealed by 
whole-mount in situ hybridization (WISH). (A-H) The specimens subjected 
to WISH of AjHox genes viewed from the left lateral side with the anterior 
side at the top. (A'-H') The perpendicular sections of the specimens in A-H 
viewed from the left lateral side with the anterior side at the top. AjHox 
genes are expressed sequentially along the anteroposterior axis of the S-
shaped digestive tract. (A''-H'') The cross sections of the specimens in A-H 
with the ventral side on the left. The expressions in endoderm and 
mesoderm are indicated by black arrowhead and black arrow respectively. 
(A', A'') AjHox1 is expressed in foregut endoderm. (B', B'') AjHox5 is 
expressed in somatocoel surrounding the endodermal digestive tract. (C', C'') 
AjHox7 is expressed in the endodermal gastrointestinal epithelium at the 
posterior end of the stomach. (D', D'') AjHox8 is expressed in somatocoel 
along the stomach between the region expressing AjHox5 and AjHox7. (E', 
E'') AjHox9/10 is expressed somatocoel between posterior end of the stomach 
and anterior end of the intestine. (F', F'') AjHox11/13a is expressed in 
somatocoel at the anterior end of the intestine. (G', G'') AjHox11/13b is 
expressed in endodermal gastrointestinal epithelium and somatocoel along 
the linear part of the intestine posterior to the region expressing 
AjHox11/13a. (H', H'') AjHox11/13c is expressed in endodermal 
gastrointestinal epithelium and somatocoel located at the posterior-most of 
the digestive tract. (I) The illustration summarizes the expression patterns 
of AjHox genes at doliolaria viewed from left lateral side. The horizontal 
dashed lines represent the levels of cross section in A''-H''. The 
abbreviations are as follows: an, anus; bp, buccal podia; in, intestine; m, 
mouth; mvrv, mid-ventral radial vessel; rc, radial canal; sc, somatocoel; st, 
stomach. The scale bars represent 100 µm. 
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Fig. 13 
Spatial expression patterns of AjHox genes at pentactula stages revealed by 
whole-mount in situ hybridization (WISH). All specimens and sections are 
viewed from the left lateral side with the anterior side at the top and the 
ventral side on the left. (A-H) The specimens subjected to WISH of AjHox 
genes. (A'-H') The perpendicular sections of the specimens in A-H. The 
digestive tract elongates and shows clockwise helical structure. AjHox genes 
are expressed sequentially along the digestive tract. (A') AjHox1 is 
expressed in foregut. (B') AjHox5 is expressed in the posterior region of the 
foregut. (C') AjHox7 is expressed at the ventral curve of the digestive tract. 
(D') AjHox8 is expressed in the posterior curve of the digestive tract (black 
arrowhead). (E') AjHox9/10 is expressed at the anterior ventral curve of the 
digestive tract. (F') AjHox11/13a is expressed at the anterior curve of the 
digestive tract. (G') AjHox11/13b is expressed in the linear part of the 
digestive tract which follows the region expressing AjHox11/13a (black 
arrowhead). (H') AjHox11/13c is expressed at the posterior end of the 
digestive tract. (I) The illustration shows the expression patterns of AjHox 
genes at pentactula stage viewed from the ventral side. The abbreviations 
are as follows: an, anus; bp, buccal podium; dt, digestive tract; m, mouth; 
mvrv, mid-ventral radial vessel; tf, tube feet. The scale bar represents 100 
µm. 
